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αs ln(Λ
−
0 /Λ

−
1 ) ∼ 1, this NLO term becomes comparable in magnitude to the LO

contribution. Averaging the sum of the LO and NLO contributions over the

distribution of sources at the scale Λ−
0 , one obtains

∫

[Dρ] WΛ−
0
[ρ] (T

LO
+ δT

NLO
) =

∫

[Dρ] WΛ−
1
[ρ] T

LO
, (15)

where WΛ−
1

≡ (1 + ln(Λ−
0 /Λ

−
1 )H)WΛ−

0
. We have shown here that the NLO

correction from quantum modes in the slice Λ−
1 ≤ k− ≤ Λ−

0 can be absorbed in

the LO term, provided we now use a CGC effective theory at Λ−
1 with the modified

distribution of sources shown in eq. (15). In differential form, the evolution

equation of the source distribution,

∂

∂ ln(Λ−)
WΛ− = −HWΛ− , (16)

is the JIMWLK equation.

Repeating this elementary step, one progressively resums quantum fluctuations

down to the scale k− ∼ xP−. Thanks to eq. (15), the result of this resummation

for the dipole cross-section is formally identical to eq. (11), except that the source

distribution is WxP− instead of WΛ−
0
. Note that if one further lowers the cutoff

below xP−, the dipole cross-section remains unchanged.

3.2 The CGC in p+A collisions

p!

x!

Figure 6: Left: sketch of a proton-nucleus collision. Right: example of leading

order contribution in a nucleus-nucleus collision.

Collisions between a dilute hadron projectile and a dense hadron target can be

studied semi-analytically in the CGC framework. The archetype of such collisions

is a proton-nucleus collision. However, the dilute-dense treatment also applies to

proton-proton collisions for measurements at forward rapidities where the wave-

function of one of the projectiles is probed at large x and that of the other at

3

At RHIC energies the d 
beam can be considered 
to first order, as a beam 
of quarks. At mid-
rapidity the interactions 
probe x~0.01 on both 
beam and target.

ysystem=1/2(y1+y2) 

     y*=1/2(y1-y2)

At high rapidity the collision is 
much more skewed; the x of the 
beam partons is in the range of 
x~0.1 (valence quarks) and the 
target is probed at values that 
can range down to x~0.001
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HERA results show the 
PDFs growing fast as x 
becomes small. Specially 
for gluons.

The onset of non-linear effects (gluon 
fusion) can set at σn ~ 1(probability of 
interaction with a gluon of the target 
equal to 1) which with n=(dN/dy)/πR2

and σ=αsNc/Q2 sets the condition on 
the transverse momentum of the probe:

Q2s ~ (αsNc/πR2)dN/dy
the growth of dN/dy with x is set to:
dN/dy~1/xλ with λ extracted from 
HERA data with value ranging from 
0.2-0.3

For nuclear targets, the A dependence is introduced with:
Q2sA = A1/3 Q2s which will be written as:

Q2sA = A1/3 Q20 (x0/x)λ = A1/3 Q20 xλ0 eλy
!"

New: PDF Fits using HERA F2
c data
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Q2sA = A1/3 Q20 (x0/x)λ = A1/3 Q20 xλ0 eλy

At RHIC top energy one can “raise” the saturation 
scale Qs by increasing the size of the target and/or by 
measuring at high rapidity.
using Q0 ≃ 1 GeV, λ ≃ 0.3 and x0 ≃ 3.0×10−4 we have:
Q2s(y=0) = 0.49 GeV2 and Q2s(y=3) = 1.2 GeV2

The impact parameter dependence is added with:
Q2s(b) = Q2s(b=0)√1 - (b/R)2
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The d beam 
leaves a “trail” 
similar to Npart 
or Ncoll times a 
proton beam. 

Phys. Rev. C72, 031901(R) (2005)  
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STAR TPC measurements at |y|<0.1 Particle identification done with dE/dx. Centrality from 
top to bottom: 0-20%, 20-40%, MB, 40-80%. Fits to Blast Wave model describe well the data 
and are used to integrate and extract dn/dy.

26

TABLE VIII: Integrated multiplicity rapidity density, dN/dy, of identified particles and net-protons for various collision systems
and centralities. Quoted errors are the quadratic sum of statistical and systematic uncertainties, and are dominated by the
latter.

System Centrality π− π+ K− K+ p p p − p
pp 200 GeV min. bias 1.42 ± 0.11 1.44 ± 0.11 0.145 ± 0.013 0.150 ± 0.013 0.113 ± 0.010 0.138 ± 0.012 0.025 ± 0.004

min. bias 4.63 ± 0.31 4.62 ± 0.31 0.582 ± 0.052 0.595 ± 0.054 0.412 ± 0.053 0.500 ± 0.069 0.088 ± 0.029
d+Au 40-100% 2.89 ± 0.20 2.87 ± 0.21 0.348 ± 0.032 0.356 ± 0.033 0.236 ± 0.030 0.281 ± 0.039 0.045 ± 0.018

200 GeV 20-40% 6.06 ± 0.41 6.01 ± 0.41 0.783 ± 0.085 0.803 ± 0.087 0.569 ± 0.082 0.72 ± 0.11 0.154 ± 0.050
0-20% 8.42 ± 0.57 8.49 ± 0.58 1.09 ± 0.09 1.11 ± 0.10 0.793 ± 0.087 0.95 ± 0.11 0.159 ± 0.049

70-80% 10.9 ± 0.8 10.8 ± 0.8 1.38 ± 0.13 1.41 ± 0.13 0.915 ± 0.081 1.09 ± 0.10 0.170 ± 0.030
60-70% 21.1 ± 1.6 21.1 ± 1.6 2.89 ± 0.26 2.98 ± 0.27 1.84 ± 0.16 2.20 ± 0.20 0.361 ± 0.061
50-60% 36.3 ± 2.8 36.2 ± 2.7 5.19 ± 0.47 5.40 ± 0.49 3.16 ± 0.29 3.88 ± 0.35 0.72 ± 0.11

Au+Au 40-50% 58.9 ± 4.5 58.7 ± 4.5 8.37 ± 0.78 8.69 ± 0.81 4.93 ± 0.46 6.17 ± 0.57 1.24 ± 0.18
30-40% 89.6 ± 6.8 89.2 ± 6.8 13.2 ± 1.3 13.6 ± 1.3 7.46 ± 0.72 9.30 ± 0.89 1.85 ± 0.30

200 GeV 20-30% 136 ± 10 135 ± 10 19.7 ± 2.0 20.5 ± 2.0 11.2 ± 1.1 14.4 ± 1.4 3.22 ± 0.51
10-20% 196 ± 15 194 ± 15 28.7 ± 3.1 30.0 ± 3.2 15.7 ± 1.7 20.1 ± 2.2 4.42 ± 0.77
5-10% 261 ± 20 257 ± 20 39.8 ± 4.6 40.8 ± 4.7 21.4 ± 2.5 28.2 ± 3.3 6.8 ± 1.3
0- 5% 327 ± 25 322 ± 25 49.5 ± 6.2 51.3 ± 6.5 26.7 ± 3.4 34.7 ± 4.4 8.0 ± 1.8

58-85% 16.0 ± 2.1 16.0 ± 1.9 2.23 ± 0.14 2.31 ± 0.15 1.31 ± 0.09 1.65 ± 0.11 0.347 ± 0.040
45-58% 42.4 ± 3.5 42.2 ± 3.5 5.81 ± 0.41 6.83 ± 0.48 3.33 ± 0.30 4.38 ± 0.39 1.05 ± 0.14
34-45% 70.9 ± 4.9 71.8 ± 5.0 10.1 ± 0.9 11.2 ± 1.0 5.51 ± 0.45 7.35 ± 0.60 1.85 ± 0.20

Au+Au 26-34% 104 ± 8 103 ± 8 15.0 ± 1.3 16.4 ± 1.4 8.02 ± 0.81 10.9 ± 1.1 2.91 ± 0.35
130 GeV 18-26% 140 ± 11 140 ± 11 20.5 ± 1.8 22.3 ± 1.9 10.5 ± 1.0 14.4 ± 1.3 3.94 ± 0.41

11-18% 187 ± 16 186 ± 16 26.6 ± 1.9 29.0 ± 2.1 12.8 ± 1.6 17.9 ± 2.2 5.09 ± 0.70
6-11% 228 ± 16 228 ± 16 33.1 ± 2.4 35.6 ± 2.6 15.7 ± 1.6 21.9 ± 2.3 6.25 ± 0.75
0-6% 280 ± 20 278 ± 20 42.7 ± 2.8 46.3 ± 3.0 20.0 ± 2.2 28.2 ± 3.1 8.24 ± 0.93

70-80% 7.43 ± 0.62 7.34 ± 0.62 0.813 ± 0.055 0.868 ± 0.058 0.464 ± 0.047 0.745 ± 0.086 0.280 ± 0.050
60-70% 14.7 ± 1.3 14.8 ± 1.3 1.74 ± 0.12 1.95 ± 0.13 0.960 ± 0.059 1.60 ± 0.12 0.639 ± 0.078
50-60% 26.8 ± 2.4 26.5 ± 2.3 3.31 ± 0.23 3.64 ± 0.25 1.68 ± 0.12 2.98 ± 0.22 1.30 ± 0.11

Au+Au 40-50% 43.7 ± 3.5 43.2 ± 3.5 5.68 ± 0.39 6.62 ± 0.46 2.77 ± 0.19 5.07 ± 0.36 2.30 ± 0.19
30-40% 67.4 ± 5.2 66.5 ± 5.1 8.89 ± 0.62 10.4 ± 0.7 4.27 ± 0.35 8.08 ± 0.67 3.81 ± 0.33

62.4 GeV 20-30% 101 ± 7 98.9 ± 6.9 14.0 ± 1.0 15.9 ± 1.1 6.39 ± 0.55 12.2 ± 1.1 5.86 ± 0.52
10-20% 146 ± 11 144 ± 11 19.8 ± 1.4 23.0 ± 1.6 8.77 ± 0.78 17.8 ± 1.6 9.07 ± 0.85
5-10% 192 ± 13 191 ± 13 27.2 ± 1.9 31.2 ± 2.2 11.4 ± 1.1 23.8 ± 2.4 12.4 ± 1.3
0-5% 237 ± 17 233 ± 17 32.4 ± 2.3 37.6 ± 2.7 13.6 ± 1.7 29.0 ± 3.8 15.4 ± 2.1

Phys. Rev. C 79 (2009) 34909

Particle production in d+Au at 200 GeV and mid-rapidity 

Centrality defined with 
tracks in Au side FTPC 
-3.8<η<-2.8
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Even though no radial flow is expected if d+Au, 
Blast wave fits from p+p to A+A provide a 
common tool to characterize all those systems. In 
particular the <pT> for K and p do not follow the 
trend from A+A to p+p. 
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Qs the only scale in CGC can be related 
to the pion yield (parton-hadron duality) 
and the transverse size of the overlap S⊥ 

Phys. Rev. C 79 (2009) 34909
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Phys. Rev. C 70 (2004) 64907

Contrasting beam and 
target fragmentation 
regions close to mid-
rapidity

Wang: Phys.Lett. B565, 116 (2003)

Sat. : D. Kharzeev, Y. Kovchegov and K. Tuchin, 
Phys. Rev. D 68, 094013 (2003).

Pseudo-rapidity Asymmetry and Centrality Dependence of Charged Hadron Spectra

The centrality dependence 
is stronger at the high η 
bins.
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NMF for charged hadrons in d+Au and nucleon+Au
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Cronin effect studied in d+Au at mid-rapidity
The Cronin effect is expected 
to be the result of soft 
interactions before the main 
hard collisions, each adding a 
“kick” <kT>:

13
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are in good agreement with the sum of identified hadrons
published in Ref. [26].

Figure 14 shows RdAu and RNAu. As expected, in the
most peripheral N+Au bin, with Ncoll = 2.1, RNAu is
consistent with unity. RdAu and RNAu are in agreement
within our uncertainty bounds.

The enhancement of the hadron yield relative to p + p
collisions has previously been observed in lower energy
p+A collisions [10, 11], and is called the Cronin ef-
fect. We observe that RdAu and RNAu are system-
atically larger than unity in the momentum range be-
tween 1.5GeV/c and 5 GeV/c with maximum amplitude
around 1.3.

There are many theoretical models with very different
assumptions about initial state effects, which describe the
Cronin effect [30, 31, 32, 33]. All the models agree that
there is at least one additional scattering of the initial
nucleon or parton while propagating though the target
nucleus. This scattering increases the intrinsic transverse
momentum of the colliding parton, and leads to a broad-
ening of the parton pT distribution. We can parametrize
the effect of this broadening by writing the mean value
of parton intrinsic momentum kT as

〈k2
T 〉pA = 〈k2

T 〉pp + 〈k2
T 〉A, (11)

where 〈k2
T 〉pp is the square of the initial parton trans-

verse momentum in the proton, 〈k2
T 〉A is an additional

momentum squared after rescattering, and 〈k2
T 〉pA is the

final broadened width. Most of the models differ on the
assumption they use to describe 〈k2

T 〉A: whether there is
a single hard scattering [32] or a sum of small sequential
rescatterings [31] that produces the additional kT .
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FIG. 16: (Color online) (h+ + h−)/2π0 ratios as functions of
transverse momentum from d+Au collisions in four centrality
bins. Open circles are the charged hadron spectra from the
present analysis divided by π0 data from Ref. [13]. Bars indi-
cate statistical uncertainties, and the shaded boxes systematic
uncertainties. Triangles are the (p± + K± + π±)/π± ratios
from Ref. [26], with statistical uncertainties roughly the size
of the symbols. (See Table I for centrality class definitions.)

Common to the models is that 〈k2
T 〉A is a function of

the number of sequential nucleon-nucleon collisions, ν.
For impact parameter b, 〈k2

T 〉A can be written as:

〈k2
T 〉A(b) = H(ν(b) − 1), (12)

where H is the square of the average momentum acquired
in ν – 1 rescatterings. For a single hard scattering model,
〈k2

T 〉A should saturate at ν = 2. We therefore investigate
the shape of RdAu as a function of ν to illuminate the
underlying process. The centrality selection of our data
and the tagged N+Au sample allow us to investigate
precisely the effect of the collision geometry. We use
ν = 〈Ncoll/Ndeutron

part 〉 (in N+Au collisions ν = 〈Ncoll〉)
to look explicitly at the impact parameter dependence of
the nuclear modification factor.

In Fig. 15, we plot RdAu and RNAu as a function of
(ν − 1). The values of ν are presented in Table I.

Three transverse momentum regions were selected to
study the dependence of RAB on ν: 2.8≤ pT ≤ 6.0, 1.5≤
pT ≤ 2.7, and 0.6≤ pT ≤ 1.0 GeV/c. In the low pT re-
gion, we expect scaling with the number of participating
nucleons rather than with the number of binary colli-
sions; therefore RAB is less than unity. The Cronin ef-
fect is observed in the 2.8≤ pT ≤ 6.0 GeV/c region, where

Within errors, Cronin 
enhancement is present above 
2.8 GeV/c but remains 
constant as the projectile 
undergoes further collisions.

Open markers: d+Au Filled markers: nucleon+Au
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FIG. 4: (color online) Invariant yields at mid-rapidity for
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centrality classes in d+Au and p+p collisions. The error bars
show statistical uncertainties only and are typically smaller
than the data points.
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FIG. 5: (color online) Invariant yields at mid-rapidity for
positive and negative kaons as a function of pT for various
centrality classes in d+Au and p+p collisions. The error bars
show statistical uncertainties only and are typically smaller
than the data points.

III. RESULTS

A. Hadron spectra

The fully corrected pT distributions of π, K, p, and p
for the four d+Au centrality bins and for p+p collisions
are shown in Figures 4, 5, and 6, respectively. Pions show
a power law spectral shape, while kaons and protons are
exponential.

In order to probe the hadron production mechanism, it
is instructive to compare particle and anti-particle spec-
tra. Figures 7, 8, and 9 show the ratios of antiparticle
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FIG. 6: (color online) Invariant yields at mid-rapidity for pro-
tons and antiprotons as a function of pT for various centrality
classes in d+Au and p+p collisions. The error bars show sta-
tistical uncertainties only and are typically smaller than the
data points.

to particle production as a function of pT in p+p, d+Au
and, for comparison, central Au+Au collisions from refer-
ence [7] for π, K and p, respectively. For all three hadron
species the ratios are flat with pT . d+Au yield ratios
are in good agreement with p+p collisions, and the ra-
tios remain the same even in central Au+Au collisions.
The production ratio of antiparticle to particle is 0.99 ±
0.01(stat) ± 0.06(syst) for pions and 0.92 ± 0.01(stat)
± 0.07(syst) for kaons in both minimum bias d+Au and
p+p collisions. The antiproton to proton ratio is mea-
sured to be 0.70 ± 0.01(stat) ± 0.08(syst) in minimum
bias d+Au collisions and 0.71 ± 0.01(stat) ± 0.08(syst)
in p+p collisions. All ratios are consistent within errors
with values reported by PHOBOS [31] and BRAHMS
[32].

B. Nuclear Modification Factors

The measurement of identified hadrons in both d+Au
and p+p collisions allows study of the centrality depen-
dence of the nuclear modification factor in d+Au. A stan-
dard way to quantify nuclear medium effects on high pT

particle production in nucleus-nucleus collisions is pro-
vided by the nuclear modification factor. This is the ratio
of the d+A invariant yields to the binary collision scaled
p+p invariant yields:

RdA(pT ) =
(1/Nevt

dA ) d2NdA/dydpT

TdAu d2σpp
inel/dydpT

, (5)

where TdAu = 〈Ncoll〉/σpp
inel describes the nuclear geome-

try, and d2σpp
inel/dydpT for p+p collisions is derived from

the measured p+p cross section. 〈Ncoll〉 is the average
number of inelastic nucleon-nucleon collisions determined
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FIG. 7: (color online) Ratio of mid-rapidity spectra for π− to
π+ in d+Au, p+p and central Au+Au collisions. The error
bars show statistical uncertainties only.
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FIG. 8: (color online) Ratio of mid-rapidity spectra for K− to
K+ in d+Au, p+p and central Au+Au collisions. The error
bars show statistical uncertainties only.

from simulation using the Glauber model as input, as
described in section II A. Nevt

dA is the number of d+Au
events in the relevant centrality class.

Figure 10 shows RdA for pions, kaons and protons for
minimum bias d+Au collisions. We observe a nuclear en-
hancement in the production of hadrons with pT ≥ 1.5 -
2 GeV/c in d+Au collisions, compared to that in p+p.
As was already suggested when comparing the enhance-
ment for inclusive charged hadrons with that of neutral
pions [33], there is a species dependence in the Cronin
effect. The Cronin effect for charged pions is small, as
was observed for neutral pions. The nuclear enhancement
for protons and antiprotons is considerably larger. The
kaon measurement has a more limited kinematic range,
but the RdA is in agreement with that of the pions at
comparable pT .

Figure 11 shows RdA for pions, kaons and protons in
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FIG. 9: (color online) Ratio of mid-rapidity spectra for an-
tiprotons to protons in d+Au, p+p and central Au+Au col-
lisions [7]. The error bars show statistical uncertainties only.
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FIG. 10: (color online) Nuclear modification factor RdA for
pions, kaons and protons in d+Au collisions for minimum
bias events. The error bars represent the statistical errors.
The box around 1.0 shows uncertainties in the p+p absolute
cross section and in the calculation of Ncoll. For the proton
and antiproton RdA, the ∼10% systematic uncertainty is also
presented as boxes around the points. The systematic uncer-
tainty on the pion and kaon RdA is similar but not shown in
the picture for clarity.

the four d+Au centrality bins. Peripheral d+Au colli-
sions (〈Ncoll〉 = 3.1 ± 0.3) do not show any modification
of high momentum hadron production, compared to that
in p+p collisions. At pT ≤ 1 GeV/c, the nuclear mod-
ification factor falls below 1.0. This is to be expected
as soft particle production scales with the number of
participating nucleons, not with the number of binary
nucleon-nucleon collisions. More central collisions show
increasing nuclear enhancement in both high pT pion and
proton production.

The bands in Fig. 11 show a calculation of the Cronin
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FIG. 11: (color online) Nuclear modification factor RdA for pions, kaons and protons in d+Au collisions in four centrality bins.
The error bars represent the statistical errors. Boxes around 1.0 show uncertainties in the p+p absolute cross section and in the
calculation of Ncoll. For the proton and antiproton RdA, the ∼10% systematic uncertainty is also presented as boxes around
the points. The systematic uncertainty on the pion and kaon RdA is similar but not shown in the picture for clarity. Solid
bands show the calculation of the nuclear modification factors for pions by Accardi and Gyulassy [13].

effect for pions by Accardi and Gyulassy, using a pQCD
model of multiple semi-hard collisions and taking geomet-
rical shadowing into account [13]. The agreement above 1
GeV/c, where the calculation should be reliable, is very
good for all four centrality bins. This agreement illus-
trates that the multiple partonic scattering and nuclear
shadowing alone can explain the observed Cronin effect
and leaves very little room for gluon saturation effects in
the nuclear initial state at mid-rapidity at RHIC [13].

C. Centrality Dependence

We further probe the effect of cold nuclear matter
upon the hadron production using the number of col-
lisions suffered by each projectile nucleon for the four
centrality bins. Figure 12 compares the centrality depen-
dence of RdAu for pions and protons in two momentum
bins. The modification factors are plotted as a function
of ν = Ncoll/Nd

part, the number of collisions per partici-
pating deuteron nucleon. The lower momentum bin, for
0.6 ≤ pT ≤ 1.0 GeV/c, is chosen in the region where
RdAu is less than 1.0, and hadron yields scale very nearly
with the number of nucleons participating in the colli-
sion, rather than with the number of binary collisions.
As expected, RdAu decreases with ν in this pT range,
with negligible difference between pions and protons. In
the higher pT bin, RdAu increases with the number of col-
lisions, with a notably larger rate of increase for baryons

than for mesons. Though the RdAu values for higher pT

hadrons appear to flatten with increasing centrality, the
uncertainties are too large to allow a definitive conclusion
about saturation with the number of collisions suffered
by each participant nucleon [14].

part
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FIG. 12: (color online) Integrated RdA for pions and pro-
tons in two momentum bins as a function of the number of
collisions suffered by the deuteron participant ν. Error bars
indicate the quadrature sum of statistical errors and uncer-
tainties on the number of collisions bin-by-bin. The solid box
on the left shows the magnitude of the centrality independent
uncertainties.

Phys. Rev. C 74, 024904 (2006) 

Cronin at y=0 as function of centrality

 PID done with high resolution 
TOF, which covers -0.35 ≤ η ≤ 0.35 
and ∆φ = π/8 

The proton and antiproton spectra 
are corrected for feed-down from 
weak decays via a Monte Carlo 
simulation using as input 
experimental data on Λ 
production.

A. Accardi and M. Gyulassy, Phys. Lett. B586, 244
(2004).

Calculations using 
a pQCD model 
of multiple semi-
hard collisions 
and taking 
geometrical 
shadowing into 
account describe 
well the pion RdAu

The enhancement 
for protons is 
stronger, by 
approximately 
30%-50% in the 
most central 
collisions
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FIG. 13: (color online) Ratio of the proton over the pion
nuclear modification in d+Au collisions, for central and pe-
ripheral events. Error bars indicate statistical errors only.

D. Cronin Effect For Baryons

Figure 13 shows the ratio of the nuclear modification
factors observed for protons and antiprotons to that for
pions in the most central and the most peripheral d+Au
collisions. The enhancement for protons is stronger, by
approximately 30%-50% in the most central collisions;
this was also reported by STAR [34]. The increasing dif-
ference between baryons and mesons for more central col-
lisions indicates that the baryon production mechanism
appears to depend upon the surrounding nuclear medium
already in d+Au collisions. We note, however, that the
species dependence of the Cronin effect in d+Au colli-
sions is much smaller than the factor of ≈3 enhancement
of protons in central Au+Au collisions, as can be seen
by comparing the nuclear modification factors for pions
and protons in central Au+Au collisions shown below in
section IVA.

By converting the nuclear modification factors to per-
beam-nucleon cross section ratios and vice versa, it is
possible to compare to measurements of the Cronin ef-
fect at other energies. Figure 14 shows nuclear modifi-
cation factors from this work compared to those derived
from α-factors measured at lower energies [2], in a similar
manner to that used in [3] to calculate per-nucleon cross
section ratios. In order to make the transition to nuclear
modification factors from per-nucleon cross section ratios
we assume that σd+A = 2 × σp+A and σp+d = 2 × σp+p

at the low energy of interest, which is a very reasonable
approximation for all particle species [2].

The observed species dependence of the enhancement
is similar to that measured in lower energy collisions [3].
The magnitude of the enhancement for pions at pT > 3
GeV/c is larger at

√
s = 27.4 GeV than at 200 GeV. Pro-

tons and antiprotons are also more enhanced at the lower
beam energy: a factor of 3.5 at pT ≈ 4 GeV, as compared
with a factor of 2 at

√
s = 200 GeV. This energy depen-

dence of the Cronin effect for pions has been interpreted
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FIG. 14: Nuclear modification factors for charged pions, neu-
tral pions [33], and protons and antiprotons from minimum
bias d+Au from this work (shown by open symbols) compared
to nuclear modification factors calculated from the per-beam
nucleon cross sections reported for

√
s = 27.4 GeV p + A

collisions [2] (closed symbols and continuous bands)

.

as evidence for a different production mechanism for high
pT hadrons at RHIC compared to lower energies [35]. In
this model, high pT hadrons are produced incoherently
on different nucleons at low energy, while in higher en-
ergy collisions the production amplitudes can interfere
because the process of gluon radiation is long compared
to the binary collision time. Coherent radiation from dif-
ferent nucleons is subject to Landau-Pomeranchuk sup-
pression. However, the difference between baryon and
meson Cronin effect is not predicted by this model.

IV. DISCUSSION

Traditional explanations of the Cronin effect all involve
multiple scattering of incoming partons that lead to an
enhancement at intermediate pT [12]. There are vari-
ous theoretical models of the multiple scattering, which
predict somewhat different dependence upon the number
of scattering centers. The observed centrality or ν de-
pendence for pions is well-reproduced by semi-hard ini-
tial state scattering [13] as shown in Fig. 11; see also
[14, 15, 16]. The models include initial state multiple
scattering as well as geometrical shadowing. However,
none of these models would predict a species dependent
Cronin effect, as initial state parton scattering precedes
fragmentation into the different hadronic species. The
markedly larger Cronin effect for protons and antipro-
tons requires processes in addition to initial state multi-
ple scattering in baryon production at moderate trans-
verse momenta.

Recently, Hwa and collaborators [17] have shown an
alternative explanation of the Cronin effect, attributed
to the recombination of shower quarks with those from

B.Z. Kopeliovich, J. Nemchik, A. Schafer and A.V.
Tarasov, Phys. Rev. Lett. 88, 232303 (2002).

Comparison to Cronin effect at lower energies

D. Antreasyan et al., Phys. Rev. D19, 764

The figure shows the NMF as per beam-nucleon 
cross section ratios in order to compare it to 
lower energy p+A measurements.

The differences between the two energy 
regimes, both for protons and pions is clear. This 
could be “evidence for a different production 
mechanism for high pT hadrons at RHIC”. At 
high energy, coherent gluon radiation from 
different target nucleons, may produce 
suppression. 
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FIG. 1: Top: invariant yields at mid-rapidity for π0 (left) and
η (right) in d+Au collisions as a function of pT for different
selections of the centrality of the collision. Bottom: invariant
cross section at mid-rapidity for π0 (left) and η (right) in p+p
and d+Au collisions as a function of pT .

over the respective impact parameter range, is deter-
mined solely by the density distribution of the nucleons
in the nuclei A and B and the impact parameter.

Figure 2 shows the nuclear modification fac-
tor RdA(pT) for π0 and η in d+Au collisions at√

sNN=200 GeV for four different centrality selections
and for minimum bias events. As the p + p and d+Au
measurements were both made in the same year, many
of the systematic errors associated with detector perfor-
mance were nearly identical and the corresponding sys-
tematic errors in the comparison are negligible. Within
systematic errors RdA(pT) for π0 and η is ≈ 1 in all
centrality bins, and only a weak pT dependence can be
seen. In order to check the absolute normalization sys-
tematics we can also calculate RdA(pT) using the inelas-
tic cross section measured through photo-dissociation of
the deuteron. This constitutes an important cross check.
It replaces the systematic uncertainties of the BBC effi-
ciency and 〈TAB〉, which are determined by model cal-
culations, by the uncertainty of the cross section mea-
surement of similar size. The resulting RdA(pT) is 9.8 %
larger than that obtained from the minimum bias yield,
consistent within 1.5 σ.
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FIG. 2: Nuclear modification factor RdA for π0 and η in
different centrality selections and min. bias data. The bands
around the data points show systematic errors which can vary
with pT . The shaded bands around unity indicate the 〈TAB〉
uncertainty and the small bands on the left side of the data
points indicate the normalization uncertainty due to the p+p
reference.

Though very different in mass, η and π0 show a simi-
lar, weak centrality dependence of RdA(pT) over the mea-
sured pT range. These results do not show the significant
enhancement seen for protons where the proton RAA is
substantially larger than that of pions in the intermedi-
ate pT (2 GeV/c < pT < 4 GeV/c) region [15]. The π0

data exhibit small shape variations with centrality that
may be due to initial-state effects including shadowing
and multiple scattering. Possible Cronin enhancements
in the intermediate pT region due to initial-state multi-
ple scattering or anti-shadowing are not more than 10%
around 4 GeV/c. At low pT (pT < 3 GeV/c) the drop to-
wards smaller RdA is consistent with analogous measure-
ments for charged pions [15] and is usually attributed
to a change to a regime of soft physics (Npart scaling)
at the smallest pT values. At the largest pT values mea-
sured (pT > 9 GeV/c) the most central π0 result hints at
a small suppression, though this is only a ∼ 1.7 sigma
effect.

In conclusion, we have presented the first study of the
centrality dependence of π0 and η production at mid-
rapidity in d+Au collisions at

√
sNN = 200 GeV. Trans-

verse momentum spectra up to pT = 18 and 12 GeV/c
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FIG. 1: Top: invariant yields at mid-rapidity for π0 (left) and
η (right) in d+Au collisions as a function of pT for different
selections of the centrality of the collision. Bottom: invariant
cross section at mid-rapidity for π0 (left) and η (right) in p+p
and d+Au collisions as a function of pT .

over the respective impact parameter range, is deter-
mined solely by the density distribution of the nucleons
in the nuclei A and B and the impact parameter.

Figure 2 shows the nuclear modification fac-
tor RdA(pT) for π0 and η in d+Au collisions at√

sNN=200 GeV for four different centrality selections
and for minimum bias events. As the p + p and d+Au
measurements were both made in the same year, many
of the systematic errors associated with detector perfor-
mance were nearly identical and the corresponding sys-
tematic errors in the comparison are negligible. Within
systematic errors RdA(pT) for π0 and η is ≈ 1 in all
centrality bins, and only a weak pT dependence can be
seen. In order to check the absolute normalization sys-
tematics we can also calculate RdA(pT) using the inelas-
tic cross section measured through photo-dissociation of
the deuteron. This constitutes an important cross check.
It replaces the systematic uncertainties of the BBC effi-
ciency and 〈TAB〉, which are determined by model cal-
culations, by the uncertainty of the cross section mea-
surement of similar size. The resulting RdA(pT) is 9.8 %
larger than that obtained from the minimum bias yield,
consistent within 1.5 σ.
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FIG. 2: Nuclear modification factor RdA for π0 and η in
different centrality selections and min. bias data. The bands
around the data points show systematic errors which can vary
with pT . The shaded bands around unity indicate the 〈TAB〉
uncertainty and the small bands on the left side of the data
points indicate the normalization uncertainty due to the p+p
reference.

Though very different in mass, η and π0 show a simi-
lar, weak centrality dependence of RdA(pT) over the mea-
sured pT range. These results do not show the significant
enhancement seen for protons where the proton RAA is
substantially larger than that of pions in the intermedi-
ate pT (2 GeV/c < pT < 4 GeV/c) region [15]. The π0

data exhibit small shape variations with centrality that
may be due to initial-state effects including shadowing
and multiple scattering. Possible Cronin enhancements
in the intermediate pT region due to initial-state multi-
ple scattering or anti-shadowing are not more than 10%
around 4 GeV/c. At low pT (pT < 3 GeV/c) the drop to-
wards smaller RdA is consistent with analogous measure-
ments for charged pions [15] and is usually attributed
to a change to a regime of soft physics (Npart scaling)
at the smallest pT values. At the largest pT values mea-
sured (pT > 9 GeV/c) the most central π0 result hints at
a small suppression, though this is only a ∼ 1.7 sigma
effect.

In conclusion, we have presented the first study of the
centrality dependence of π0 and η production at mid-
rapidity in d+Au collisions at

√
sNN = 200 GeV. Trans-

verse momentum spectra up to pT = 18 and 12 GeV/c

The π0 and η measured with the PHENIX  
(EMCal)  via the π0 → γγ and η → γγ decay. 
The EMCal consists of six lead scintillator 
(PbSc) and two lead glass (PbGl) sectors, at a 
radial distance of ∼ 5 m from the beam axis. 
covering |η| ≤ 0.35 and  ∆φ = π.

The uncertainty on the energy scale is 1.2%.

Investigating mass effects in the Cronin effect
Centrality defined with 
multiplicity in the Au 
side BBC -3.9<η<-3.0

Even though the η 
meson is more 
massive than a 
pion, it produces a 
very similar RdAu 
The centrality 
dependence of the 
small Cronin 
enhancement is 
weak for both 
pions and η.
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Neutral pion and η production at y=0
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FIG. 24: (color online) Nuclear modification factor RdA for (a)
π0 and (b) η, compared to the STAR π± [16, 17] and PHENIX
π0 measurements [56, 57]. The error bars are statistical and
shaded bands are pT -correlated systematic uncertainties. Nor-
malization uncertainties are indicated by shaded bands around
unity in each panel.

Here �TAB� is the nuclear overlap function, which is re-
lated to the number of inelastic N + N collisions in one
A + B collision through

�TAB�σNN
inel = �Ncoll�. (23)

In the absence of medium effects, the nuclear modification
factor is unity, whereas RAB < 1 indicates a suppression
of particle production in heavy-ion collisions, compared
to an incoherent sum of nucleon-nucleon collisions.

We calculated the RdA ratio [Eqs. (22) and (23)] as

RdA =
σNN

inel d2NdA/dpT dy

�Ncoll� d2σp+p/dpT dy
, (24)

where the nucleon-nucleon inelastic cross section was
taken to be σNN

inel = 42 mb and �Ncoll� = 7.5 ± 0.4 was
calculated from the Glauber model (see section III C).

The nuclear modification factors for π0 and η are shown
in Fig. 24. The definition of the errors is the same as given
for the differential cross sections in section IV J. Figure 24
also shows the RdA for π± measured by STAR [16, 17].
A good agreement between neutral and charged pion
measurements by STAR is observed. Our π0 and η
data also agree reasonably well with the corresponding
PHENIX measurements [56, 57].

In peripheral d+Au collisions, the number of participant
nucleons is small and the creation of a dense medium is not
expected. This suggests that, instead of p+p interactions,
peripheral collisions can be used as a reference. This was
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FIG. 25: (color online) Nuclear modification factor RCP mea-
sured in d + Au collisions, compared to STAR π± measure-
ment [17]. The error bars are statistical and shaded bands are
pT -correlated systematic uncertainties. Common normaliza-
tion uncertainty is indicated by a shaded band around unity.

done through the ratio of particle production in central
(C) and peripheral (P ) events,

RCP =
�Ncoll�P

�Ncoll�C

d2NC/dpT dy

d2NP /dpT dy
. (25)

The advantage of this measure is that no p + p reference
data are needed. The disadvantage is that a stronger
model dependence is introduced due to the uncertainty in
�Ncoll�. Figure 25 shows the RCP ratio for π0, compared
to the STAR π± data [17]. It is seen that the agreement
between the neutral and charged pion measurements is
very good. The ratio stays constant at a value consistent
with unity beyond pT = 8 GeV/c and, therefore, does not
support a possible decrease of the ratio at high pT , which
was suggested by the π± measurement.

D. Direct photons

The double ratio Rγ [Eq. (15)] measured in p + p and
d + Au collisions is shown in Fig. 26. The shaded band
near Rγ = 0 indicates our estimate of the upper limit of
the remaining neutral hadron contamination. The curves
correspond to NLO pQCD calculations [58], which were
further evaluated as

Rγ

��
theor

= 1 +
�
γdir/π0

�
NLO

(γdecay/π0)simu

, (26)

where the numerator is the ratio of the NLO pQCD direct
photon and π0 cross sections. The denominator is given
by the number of decay photons per π0, as determined
by the simulation described in section V E.

The NLO pQCD calculation used the CTEQ6M [50]
parton densities and the GRV [59] parton-to-photon frag-
mentation functions as an input. The scale dependence
of this calculation, indicated by the dashed curves in the
figure, was obtained by changing the scale µ in the calcula-
tion of prompt photon production, while keeping the scale
corresponding to the π0 cross section fixed at µ = pT . In

21

TABLE V: Systematic error contributions for the double ratio
Rγ . The classifications A and B are defined in section V.

Source Type Value at low (high) pT (%)

π0 yield extraction A 5.0 (7.1)
Beam background A 1 (3) in d + Au
Tower energy scale B 3
Tower gain spread B 1
SMD energy scale B 12
SMD gain spread B 1
η/π0 B 2
π0 yield fit B 1.5

The beam background observed in the d + Au data
has a larger effect on single-photon analysis than on the
π0 reconstruction, since the background-induced showers
in the BEMC could not be distinguished from genuine
photons originating from the event vertex. Therefore,
we varied the cutoff value for the electromagnetic energy
fraction r in an event [Eq. (1)] in the range r = 0.7–0.9.
This propagated into 1–3% systematic error of Rγ .

VI. RESULTS AND DISCUSSION

A. Cross section for neutral pion production

The invariant differential cross section for π0 and η
production in inelastic p + p interactions is given by

E
d3σp+p

inel

dp3
= E

d3σp+p
NSD

dp3
= σp+p

NSD

d2N

2πpT dpT dy
. (21)

It has been shown that the singly diffractive contribu-
tion to the inelastic cross section is negligible at pT >
1 GeV/c [16]. Therefore, we can assume that the differen-
tial inelastic cross section is equal to the differential NSD
cross section in our pT range. The total NSD cross section
in p + p collisions was found to be σp+p

NSD = 30.0± 3.5 mb,
and the total hadronic cross section in d + Au collisions
was found to be σd+Au

hadr = 2.21± 0.09 b (see section III A).
The measured cross sections for π0 production in the

p + p (presented in Ref. [12] and included here for com-
pleteness) and d+Au collisions are shown in Fig. 21. The
cross sections are compared to the NLO pQCD calcu-
lations [41]. The CTEQ6M parton densities [50] and
the KKP fragmentation functions [51] were used in the
p+p calculation. The d+Au calculation used the nuclear
parton distributions for gold [52, 53, 54], in addition. The
factorization scale µ was set equal to pT and was varied by
a factor of two to estimate the scale uncertainty, indicated
by the dashed curves in the lower panels of Fig. 21. These
panels show the ratio of the measured cross sections to the
corresponding QCD predictions. The error bars shown in
the plot are the statistical and the shaded bands are the
systematic uncertainties. The normalization uncertain-
ties are indicated by shaded bands around unity on the
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FIG. 21: (a) Cross section for inclusive π0 production in
p + p and d + Au collisions at

√
sNN = 200 GeV, divided

by the corresponding NLO pQCD calculations [41] for (b)
p + p and (c) d + Au collisions. The error bars are statistical
and shaded bands are pT -correlated systematic uncertainties.
Normalization uncertainties are indicated by shaded bands
around unity in the lower panels.

right-hand side of each ratio plot. The measured π0 cross
sections were not corrected for feed-down contributions
from η → 3π0, η → π+π−π0, and K0

S → π0π0 decays,
which are expected to be negligible. It is seen that the
measured π0 cross sections in both p + p and d + Au colli-
sions are well described by the NLO pQCD calculations
in the fragmentation region pT > 2 GeV/c.

In Fig. 22, we compare the π0 measurements in the
p + p and d + Au data with the previous π± measure-
ments by STAR [16, 17] and with the π0 measurements by
PHENIX [6, 55]. The normalization uncertainties shown
by the grey bands in the figure are largely correlated
between the π0 and the π± data points and uncorrelated
with the PHENIX normalization uncertainties of simi-
lar magnitude. It is seen that the neutral and charged
pion spectra from STAR agree very well in both p + p
and d + Au data, in spite of different detector subsys-
tems and analysis techniques used in these measurements.
The present results extend the reach of STAR pion mea-

The STAR Barrel Electromagnetic Calorimeter BEMC was 
used to detect statistically high-pT π0 and η mesons via 
their γγ decays.. 0<η<1 d+Au: at least 1 neutron on Au 
side ZDC. p+p: BBC coincidence. Centrality defined 
with Au side FTPC multiplicity. Energy scale 
calibration done with e measured with TPC with 5% 
uncertainty.

NLO pQCD calculations reproduce well the 
measurements. The pp calc. uses CTEQ6M PDF and KKP  
FFsf The d+Au calculation used Au nuclear parton 
distributions. L. Frankfurt, V. Guzey, and M. Strikman, Phys. Rev. D

71, 054001 (2005).
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FIG. 3: (Color online) Invariant pT spectra of the φ meson for different centrality bins in Au+Au, Cu+Cu, d+Au and p+p
collisions at

√
s
NN

=200 GeV. The statistical and systematic uncertainties are smaller than the size of the symbols. The spectra
are fitted to exponential and Tsallis [41–43] functions shown by the dashed and solid lines, respectively.

of 5–9%, embedding corrections εembed of 1–7% and mo-
mentum scale of 1–5%. The main contributions to the
type C errors are the uncertainties in normalization for
the p+p (d+Au) cross section equal to 9.7% (7.8%) and
in branching ratio BKK of 1.2%.

III. RESULTS AND DISCUSSION

Figure 3 shows the fully corrected φ invariant yield
as a function of pT measured in p+p, d+Au, Cu+Cu
and Au+Au collisions at

√
s
NN

=200 GeV. The spectra
are scaled by arbitrary factors for clarity and fitted to
exponential and Tsallis [41–43] functions shown by the
dashed and solid lines, respectively. We used the Tsallis
function adapted to the form [38]:

1

2π

d2N

dydpT
=

1

2π

dN

dy

(n− 1)(n− 2)

(nT +mφ(n− 1))(nT +mφ)

×
(

nT +mT

nT +mφ

)−n

, (2)

where dN
dy

, n and T are free parameters, mT =
√

p2T +m2
φ, and mφ is the mass of the φ meson. The

spectral shapes for all collision systems and centralities
are well described by the Tsallis function, while the ex-
ponential fits underestimate the φ meson yields at high
pT where the spectra begin to exhibit the power law be-
havior expected for particles produced in hard scattering
processes. For p+p collisions the departure from expo-
nential shape occurs at ≈4 Gev/c. For all centralities
in Au+Au collisions the departure occurs at somewhat
larger pT , which suggests a larger contribution of soft
processes to the φ meson production up to 4–5 GeV/c.
Such behavior of the spectral shapes is in agreement with
recombination models [22–24, 44–46] predicting pT spec-
tra for different hadronic species based on the number
and flavor of constituent quarks. At low transverse mo-
mentum, we do not observe a large change in the slopes of
the spectra from central to peripheral collisions, support-
ing the expectation for smaller radial flow in φ mesons
compared to other hadrons.

The large pT reach of the results presented here allows
for the study of medium-induced effects on φ meson pro-

21
arXiv:1004.3532

The Φ meson was measured thru its decays into a 
kaon pair, no PID on tracks, combinatorial 
background estimated using event-mixing technique.
Yields: Breit-Wigner+gauss (mass. res.) and 
polynomial for remaining background.
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of 5–9%, embedding corrections εembed of 1–7% and mo-
mentum scale of 1–5%. The main contributions to the
type C errors are the uncertainties in normalization for
the p+p (d+Au) cross section equal to 9.7% (7.8%) and
in branching ratio BKK of 1.2%.

III. RESULTS AND DISCUSSION

Figure 3 shows the fully corrected φ invariant yield
as a function of pT measured in p+p, d+Au, Cu+Cu
and Au+Au collisions at

√
s
NN

=200 GeV. The spectra
are scaled by arbitrary factors for clarity and fitted to
exponential and Tsallis [41–43] functions shown by the
dashed and solid lines, respectively. We used the Tsallis
function adapted to the form [38]:
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dydpT
=
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(n− 1)(n− 2)

(nT +mφ(n− 1))(nT +mφ)

×
(

nT +mT

nT +mφ

)−n

, (2)

where dN
dy

, n and T are free parameters, mT =
√

p2T +m2
φ, and mφ is the mass of the φ meson. The

spectral shapes for all collision systems and centralities
are well described by the Tsallis function, while the ex-
ponential fits underestimate the φ meson yields at high
pT where the spectra begin to exhibit the power law be-
havior expected for particles produced in hard scattering
processes. For p+p collisions the departure from expo-
nential shape occurs at ≈4 Gev/c. For all centralities
in Au+Au collisions the departure occurs at somewhat
larger pT , which suggests a larger contribution of soft
processes to the φ meson production up to 4–5 GeV/c.
Such behavior of the spectral shapes is in agreement with
recombination models [22–24, 44–46] predicting pT spec-
tra for different hadronic species based on the number
and flavor of constituent quarks. At low transverse mo-
mentum, we do not observe a large change in the slopes of
the spectra from central to peripheral collisions, support-
ing the expectation for smaller radial flow in φ mesons
compared to other hadrons.

The large pT reach of the results presented here allows
for the study of medium-induced effects on φ meson pro-
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FIG. 5: (Color online) Top: RAA vs. pT for φ and π0 for
30–40% centrality Au+Au and 0–10% centrality Cu+Cu col-
lisions. Bottom: RAA vs. pT for φ and π0 for 40–50% central-
ity Au+Au and 10–20% centrality Cu+Cu collisions. Values
for π0 are from [12, 49]. The uncertainty in the determination
of 〈Ncoll〉 is shown as a box on the left. The global uncertainty
of ∼ 10% related to the p+p reference normalization is not
shown.

Our data disfavor radial flow as the dominant source
for the particle species dependence of the suppression fac-
tors at intermediate pT , since the proton and φ RAA fac-
tors differ by a factor of ∼ 2, in spite of their similar mass
(mp " mφ), whereas the kaon and φ show similar RAA

factors although their masses differ by almost a factor of
two (mφ " 2mK).
Recombination models [22–24, 44–46] qualitatively ex-

plain the larger yield of baryons compared to mesons at
intermediate pT by the higher gain in pT which comes
from recombination of three quarks for baryons rather
than two quarks for mesons. The same framework can
be used to interpret the difference in suppression fac-
tors for π0 and φ mesons. For π0 production in the
Hwa and Yang model [46] the contribution from the re-
combination of thermal (T) and shower (S) partons be-
comes comparable to that of the recombination of TT
partons already at pT ≈ 3 GeV/c. For the φ however, the
strangeness enhancement feeds preferentially the thermal
quarks. Soft processes dominate over hard processes in
a wider pT range and consequently the TT component
remains dominant up to pT ≈ 6 GeV/c for the φ produc-
tion [45]. The RAA of φ becomes similar to that for π0 at
pT > 5− 6 GeV/c where the contribution from fragmen-
tation partons becomes significant for both particles. It
is interesting to note that the η follows closely the π0 in
spite of its sizable (∼ 50%) strangeness content [51].
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For both centralities, the 
RdA for φ and π0 are similar 
indicating that cold nuclear 
effects are not responsible 
for the differences between 
φ and π0 seen in Au+Au and 
Cu+Cu collisions.

Production of Φ mesons at mid-rapidity

8

duction at intermediate and high pT using the nuclear
modification factor:

RAB(pT ) = dNAB/(〈Ncoll〉 × dNpp), (3)

where dNAB (dNpp) is the differential φ yield in nucleus-
nucleus (p+p) collisions and 〈Ncoll〉 is the average number
of nuclear collisions in the centrality bin under consider-
ation [11, 12, 33]. The latter is determined solely by the
density distribution of the nucleons in the nuclei A and
B and by the impact parameter and is calculated using
the Glauber formalism [47]. Deviation of RAB from unity
quantifies the degree of departure of the A+B yields from
a superposition of incoherent nucleon-nucleon collisions.
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FIG. 4: (Color online) Top: RAA vs. pT for φ, π0, η,
(K++K−) and (p + p̄) in central Au+Au collisions. Mid-
dle: RAA vs. pT for φ and π0 in 10–20% mid-central Au+Au
collisions. Bottom: RAA vs. pT for φ, and p + p̄ in 60–92%
and for π0 in 80–92% peripheral Au+Au collisions. Values
for (K++K−), (p+ p̄), π0 and η are from [12, 33, 48–50]. The
uncertainty in the determination of 〈Ncoll〉 is shown as a box
on the left. The global uncertainty of ∼ 10% related to the
p+p reference normalization is not shown.

Figure 4 shows a comparison of the RAA for φ and
π0 from Ref. [49], proton and kaon from Ref. [33] and
η from Ref. [50], all measured in Au+Au collisions at√
s
NN

=200 GeV. The φ meson exhibits a different sup-
pression pattern than that of lighter non-strange mesons

and baryons. For central collisions (top panel) the φ’s
RAA shows less suppression than π0 and η in the inter-
mediate pT range of 2 < pT (GeV/c)< 5. At higher
pT values, pT > 5 GeV/c, the φ’s RAA approaches and
becomes comparable to the π0 and η RAA. These two
features remain true for all centralities up to the most
peripheral collisions as displayed in the bottom panel of
Fig. 4 (see also Fig. 5). The panel shows that the π0 is
slightly suppressed (at the level of ∼ 20%) in peripheral
Au+Au collisions whereas the φ is not suppressed. The
kaon data cover only a very limited range at low pT but
in this range they seem to follow the RAA trend of the φ
better than that of the π0 and η for central Au+Au colli-
sions. The comparison with baryons, represented in Fig-
ure 4 by the protons and anti-protons, shows a different
pattern. For central collisions, the protons show no sup-
pression but rather an enhancement at pT > 1.5 GeV/c,
whereas the φ mesons are suppressed. This difference be-
tween φ mesons and protons gradually disappears with
decreasing centrality and for the most peripheral colli-
sions the RAA of φ and (anti)protons are very similar as
demonstrated in the bottom panel.

The results presented here are in agreement with the
previous PHENIX results [28], which were based on the
2002 RHIC run, within the relatively larger uncertain-
ties of the latter. The use of different analysis techniques
and the larger Au+Au data sample of the 2004 run re-
sulted in a higher precision and a larger pT reach of RAA

that allowed to unveil the different behavior of the φ me-
son, i.e. less suppression than π0 but more suppression
than baryons, in the intermediate pT range. Our results
differ from the ones recently published by the STAR Col-
laboration [29, 30] which show that in Au+Au collisions
RAA is consistent with binary scaling in the intermediate
pT region whereas RCP shows considerable suppression.
This difference is traced down to the almost factor of two
higher invariant pT yield in the STAR experiment [29, 30]
in Au+Au collisions, compared to our results presented
in Fig. 3, whereas in p + p both experiments are in rea-
sonably good agreement.

Figure 5 compares the RAA of φ in Au+Au and Cu+Cu
in two centrality bins which correspond approximately
to the same number of participants in the two sys-
tems. Figure 6 shows the RAA of the φ integrated for
pT > 2.2 GeV/c in Cu+Cu and Au+Au collisions versus
Npart. Under these conditions, there is no difference in
the RAA of φ between the two systems indicating that
the level of the suppression, when averaged over the az-
imuthal angle, scales with the average size of the nuclear
overlap, regardless of the details of its shape. This behav-
ior has been observed in other measurements, such as the
RAA of the π0. The π0 suppression data in Au+Au and
Cu+Cu taken from Ref. [12, 49] are also shown in Fig. 5
for comparison. The similarity of the RAA of φ in the two
colliding systems implies that the features discussed pre-
viously for Au+Au in the context of Fig. 4, namely that
the φ exhibits an intermediate suppression between pions
and baryons, remain valid also in the Cu+Cu system.
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where dNAB (dNpp) is the differential φ yield in nucleus-
nucleus (p+p) collisions and 〈Ncoll〉 is the average number
of nuclear collisions in the centrality bin under consider-
ation [11, 12, 33]. The latter is determined solely by the
density distribution of the nucleons in the nuclei A and
B and by the impact parameter and is calculated using
the Glauber formalism [47]. Deviation of RAB from unity
quantifies the degree of departure of the A+B yields from
a superposition of incoherent nucleon-nucleon collisions.
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FIG. 4: (Color online) Top: RAA vs. pT for φ, π0, η,
(K++K−) and (p + p̄) in central Au+Au collisions. Mid-
dle: RAA vs. pT for φ and π0 in 10–20% mid-central Au+Au
collisions. Bottom: RAA vs. pT for φ, and p + p̄ in 60–92%
and for π0 in 80–92% peripheral Au+Au collisions. Values
for (K++K−), (p+ p̄), π0 and η are from [12, 33, 48–50]. The
uncertainty in the determination of 〈Ncoll〉 is shown as a box
on the left. The global uncertainty of ∼ 10% related to the
p+p reference normalization is not shown.

Figure 4 shows a comparison of the RAA for φ and
π0 from Ref. [49], proton and kaon from Ref. [33] and
η from Ref. [50], all measured in Au+Au collisions at√
s
NN

=200 GeV. The φ meson exhibits a different sup-
pression pattern than that of lighter non-strange mesons

and baryons. For central collisions (top panel) the φ’s
RAA shows less suppression than π0 and η in the inter-
mediate pT range of 2 < pT (GeV/c)< 5. At higher
pT values, pT > 5 GeV/c, the φ’s RAA approaches and
becomes comparable to the π0 and η RAA. These two
features remain true for all centralities up to the most
peripheral collisions as displayed in the bottom panel of
Fig. 4 (see also Fig. 5). The panel shows that the π0 is
slightly suppressed (at the level of ∼ 20%) in peripheral
Au+Au collisions whereas the φ is not suppressed. The
kaon data cover only a very limited range at low pT but
in this range they seem to follow the RAA trend of the φ
better than that of the π0 and η for central Au+Au colli-
sions. The comparison with baryons, represented in Fig-
ure 4 by the protons and anti-protons, shows a different
pattern. For central collisions, the protons show no sup-
pression but rather an enhancement at pT > 1.5 GeV/c,
whereas the φ mesons are suppressed. This difference be-
tween φ mesons and protons gradually disappears with
decreasing centrality and for the most peripheral colli-
sions the RAA of φ and (anti)protons are very similar as
demonstrated in the bottom panel.

The results presented here are in agreement with the
previous PHENIX results [28], which were based on the
2002 RHIC run, within the relatively larger uncertain-
ties of the latter. The use of different analysis techniques
and the larger Au+Au data sample of the 2004 run re-
sulted in a higher precision and a larger pT reach of RAA

that allowed to unveil the different behavior of the φ me-
son, i.e. less suppression than π0 but more suppression
than baryons, in the intermediate pT range. Our results
differ from the ones recently published by the STAR Col-
laboration [29, 30] which show that in Au+Au collisions
RAA is consistent with binary scaling in the intermediate
pT region whereas RCP shows considerable suppression.
This difference is traced down to the almost factor of two
higher invariant pT yield in the STAR experiment [29, 30]
in Au+Au collisions, compared to our results presented
in Fig. 3, whereas in p + p both experiments are in rea-
sonably good agreement.

Figure 5 compares the RAA of φ in Au+Au and Cu+Cu
in two centrality bins which correspond approximately
to the same number of participants in the two sys-
tems. Figure 6 shows the RAA of the φ integrated for
pT > 2.2 GeV/c in Cu+Cu and Au+Au collisions versus
Npart. Under these conditions, there is no difference in
the RAA of φ between the two systems indicating that
the level of the suppression, when averaged over the az-
imuthal angle, scales with the average size of the nuclear
overlap, regardless of the details of its shape. This behav-
ior has been observed in other measurements, such as the
RAA of the π0. The π0 suppression data in Au+Au and
Cu+Cu taken from Ref. [12, 49] are also shown in Fig. 5
for comparison. The similarity of the RAA of φ in the two
colliding systems implies that the features discussed pre-
viously for Au+Au in the context of Fig. 4, namely that
the φ exhibits an intermediate suppression between pions
and baryons, remain valid also in the Cu+Cu system.
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Mass resolution (20-25 MeV) for the mixed 
neutral-charged particle decay mode. 

Production of ω at mid-rapidity (spin dep.)
Measured statistically thru their decays ω → π0 π+ π- , 
ω → π0 γ → 3γ with EMCal and tracking.

The nuclear 
modification 
factor for ω 
production in d
+Au collisions is 
consistent  with 
1 and pT 
independent for 
pT > 2 GeV/c 
similar to  other 
meson 
measurements. 
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Phys. Rev. C 76 (2007) 64904

Curves are based on the Multi-Chain-Model (S. 
Date, M. Gyulassy, and H. Sumiyoshi, Phys. Rev.
D32, 619 ) set α=2.9±0.5 The model 
consistently describes stopping in fixed 
target at 100 GeV (α = 3±1)  this may 
indicate that stopping in d+A is independent 
of cm energy and is mainly driven by the 
number of collisions.

Λ and Λ detected in the 
STAR FTPCs used to 

deduce stopping power 
in d+Au at 200 GeV/c

Phys.Rev.C80:054905,2009
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FIG. 6: Λ̄/Λ ratio and net Λ and Λ̄ yields as a function of collision centrality on both the deuteron (left) and the gold side
(right). On the deuteron side, centrality is expressed by the number of collisions per deuteron participant, while on the gold
side the number of Au participants is chosen. Only statistical errors are shown. The increase in baryon number transport with
centrality, shown by the net Λ yield, is matched by the increase of Λ̄-Λ pair production, thus keeping the Λ̄/Λ ratio constant
over a wide centrality range.

discussed above. Thus only the deuteron side in the ra-
pidity range from 0 to 4.0 is used to extract the following
correspondence: net baryons = (10 ± 1) × net Λ. For
the purpose of this discussion, this is assumed to be valid
also on the Au side of the reaction. Since the MCM pre-
dicts net baryon yields, the model output is scaled by
this parameter before comparing to the data presented
here. The model curves are obtained by coupling the
MCM as described in [16] with probability distributions
for the number of binary N +N collisions obtained from
Glauber calculations.

In the literature nuclear stopping power is usually de-
scribed by the mean rapidity loss of incoming baryons in
the nuclear collisions [4],

δy = ybeam − 〈y〉 , (3)

where ybeam is the beam rapidity and 〈y〉 is the mean
rapidity of the projectile baryons after the collision. In
the MCM, the mean rapidity loss is related to the single
phenomenological parameter α by

δy = (ncoll − 1)/α + 1, (4)

where ncoll is the number of collisions the incoming nu-
cleon suffers. The distribution of the number of collisions
and the probabilities for one or two nucleons of the pro-
jectile participating in the reaction are determined with
Glauber calculations using the multiplicity based central-
ity definitions used in the data analysis. The parameter
α was originally extracted from an analysis of results on
p+A → p+X at 100 GeV fixed-target beam energy [30],
with a result of α = 3 ± 1.

Figure 7 shows the measured net Λ yields on both sides
of the collision for all three centrality bins together with
predictions based on the MCM using α = 2.9. Uncertain-
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FIG. 7: (Color online) Net Λ dN/dy for central, mid-central
and peripheral events on both the deuteron and the Au side
of the collision. The data are compared to calculations of
the distribution of net baryons obtained with the Multichain
model [16] with α = 2.9, scaled by 0.1 to account for the
conversion from net baryons to net Λ. An overall scale un-
certainty of 10% on the model curves from this conversion is
not shown. See text for details.

ties of the overall scale of the model curves due to the con-
version from net baryons to net Λ are on the order of 10%
and are not shown here. The value of α = 2.9 adopted for
the figure is the best fit to the results. Good fits are pro-
vided in the range of α = 2.9±0.5, ignoring uncertainties
stemming from the conversion from net baryons to net
Λ. The data show good agreement with the MCM inde-
pendent of collision centrality. The range for the model
parameter α supported by the data is driven mostly by
the measurements on the deuteron side. On the gold

δy

Baryons measured close to beam y probed the 
saturated target at small x. CGC based 
calculations of stopping have been performed. 
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Comparison of pion spectra measured at RHIC at y=0 

Red:  BRAHMS π+

Blue: STAR π+

Black: PHENIX π0

Good agreement 
between all three 
experiments.

25Tuesday, May 11, 2010



Rapidity dependence

26

Fully corrected spectra for identified particles 
(TOF at MRS and RHIC at FS) in narrow rapidity 
windows. Positive particles are shown in red and 
negative ones with blue.
No feed down corrections applied to  p spectra.

Only statistical error are displayed, the 
identification of systematic uncertainties is in 
progress. 

The center of the rapidity window for each 
spectra is shown at the end-point of the positive 
charge distributions.

These rapidity values were selected because they 
provide us with the highest pT coverage.

For clarity, each spectra is divide by powers of10. 

Centrality defined with multiplicity 
measurements in -2<η<2 We use three centrality 
data samples 0-30%, 30-60% and 60-80%
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As the rapidity of the measurements increases, the growth of the cross section in the numerator 
slows down because of its proximity to the saturated regime (non-linear effects in quantum-
evolution). Meanwhile, the cross section of the denominator (dilute p+p system) continues to 
increase. 

RdAu for pions in central collisions (0-30%)
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As mentioned in the introduction, the saturation scale grows with the number of participant 
nucleons in the target.  As we study the RdAu in semi-central collisions, the change of the ratio 
as rapidity increases is less pronounced. 

RdAu for pions in semi-central collisions (30-60%)
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The kaons have a rapidity and centrality dependence that is very similar to the one found in pions.

RdAu for Kaons in central collisions (0-30%)
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Protons have a more pronounced Cronin “peak” near mid-rapidity and they show similar 
behavior at high rapidity. There appears to be a shift of the peak towards higher values of 
transverse momentum.

RdAu for protons in central collisions (0-30%)
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RdAu for all species in central collisions (0-30%)
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Rcp for pions in the most central collisions (0-30%)
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systematic uncertainty of the scale.
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Charged hadron production in d+Au 
reactions at 200 GeV measured in the 
d-direction (forward): 1.4 < η < 2.2,  and 
in the gold-direction −2.0 < η < −1.4, 
(backward ) with MuID detectors.

PTH: punch thru hadrons reach part 
way the MuID
HDM: identified muons from decay of 
hadrons.  
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Phys. Rev. Lett. 97 (2006) 152302

Yields of high energy π0 (25 < Eπ < 55GeV) at forward 
rapidities (3.0 ∼< η ∼< 4.2) from p+p and d+Au 
measured with the STAR FPD

RdAu for π0 at ⟨η⟩ = 4.00 together with h− BRAHMS data 
at smaller.  Systematic errors from p+p and d+Au are 
added in quadrature. The curves in inset are the NLO calc. 
shown above.
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474 A. Dumitru et al. / Nuclear Physics A 765 (2006) 464–482

Fig. 4. Relative contribution of quarks and gluons from the projectile deuteron.

Fig. 5. Importance of DGLAP evolution of the proton/hadron distribution/fragmentation functions and of the anomalous
dimension of the target gluon distribution.
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Figure 2: pt spectra of π+ and π− from d+Au collisions compared to BRAHMS preliminary
minimum bias data (yh = 3.0). The lines show the CGC results with the LO Kretzer FFs
and K = 1.4, where either the LO CTEQ5 or diquark PDFs are used.

The main difference is due to the way that gluons fragment to pions; its contribution in
the KKP set is larger than that in the Kretzer one [2]. The sensitivity of the results to the
value d is not so large in the range of d = 0.6 ∼ 1.2 and is visible only at high pt, where
the data however have large errors. In Fig. 2 we show the LO Kretzer result with K = 1.4
as the dotted line.

Next, in order to investigate the diquark contribution to this process, we make use of
the PDFs given by the Stockholm diquark model [31]. It assumes that only scalar diquarks
are genuine bound states and other axial-vector diquarks are negligible. As is well known,
the diquark is classified into 3̄c and 6c channels in color SU(3). The scalar diquark belongs
to the 3̄c channel while the axial-vector diquark is in the 6c representation. The reason why
we adopt only the former is that the one-gluon exchange between quarks is attractive in the
3̄c channel while repulsive in the 6c channel. Thus, for a first estimate it is rather plausible
to focus on the more tightly bound scalar-diquark. This parameterization is obtained from
a fit to the proton structure function F p

2 observed in high energy e+p collisions at SLAC,
BCDMS and EMC, over the wide range 1 < Q2 < 200 GeV2.

Ref. [31] has two possible parameterizations which differ by the choice of a mass scale
in the diquark form-factor. We choose the parameter set with M2 = 10 GeV2 and a dipole

9

A. Dumitru, A. Hayashigaki and J. Jalilian-Marian, Nucl. Phys. A 765, 464 (2006).
A. Hayashigaki Nucl.Phys.A775:51-68,2006.

Descriptions of the high rapidity measurements

Includes recoil correction from 
gluon radiation by projectile 
quarks. As well as DGLAP 
evolution of quark and gluon 
PDF in projectile.
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Figure 1: Negatively charged hadron and π0 yields in proton-proton (at pseudo-rapidities (2.2,
3.2) and (3.3, 3.8 and 4)) and deuteron-gold (at pseudo-rapidities (2.2, 3.2) and 4) collisions at√
sNN = 200 GeV. Data by the BRAHMS and STAR collaborations.

Following [31], we regulate the running coupling in Eqs. (3) and (4) by freezing it to a constant
value αfr

s = 0.7 in the infrared. A detailed discussion about the different prescriptions proposed
to define the running coupling kernel and of the numerical method to solve the rcBK equation can
be found in [29]. The only piece of information left to fully complete all the ingredients in Eq. (1)
are the initial conditions for the evolution of the dipole-nucleus(proton) amplitude. Similar to
previous works, we take them from the McLerran-Venugopalan (MV) model [39]:

NF (r, Y = 0) = 1− exp

[

−r2Q2
s0

4
ln

(

1

Λ r
+ e

)]

, (5)

where Q2
s0 is the initial saturation scale (probed by quarks), and we take Λ = 0.241 GeV. Contrary

to studies of e+p data, we have discarded initial conditions a la Golec-Biernat-Wüsthoff [40], since
their Fourier transform result in an unphysical exponential fall-off of the ugd, and therefore of the
hadron spectra as well, at large transverse momenta. Finally, in the large-Nc limit which we have
implicitly assumed in order to use the rcBK equation, the gluon dipole scattering amplitude can
be expressed in terms of the quark amplitude as

NA(r, Y ) = 2NF (r, Y )−N 2
F (r, Y ) . (6)

With this setup, we obtain a very good description of RHIC data. Fig. 1 shows the comparison
of our results with data for the invariant yield of different hadron species in p+p and d+Au
collisions at

√
sNN = 200 GeV and rapidities yh = 2.2 and 3.2 for negative-charge hadrons (data

by the BRAHMS collaboration [1]) and yh = 3.3, 3.8 and 4 for neutral pions (data by the STAR
collaboration [2]). The only free parameters adjusted to the d+Au data are x0, the value of x
which indicates the start of the small−x evolution, and Qs0, the value of the saturation scale at
x = x0. For the gold nucleus we obtain a quark saturation scale Q2

s0 = 0.4 GeV2 at x0 = 0.02.
Values of x0 between 0.015 and 0.025 are allowed within error bands, they are used to generate
the yellow uncertainty band in Fig. 1. A few comments are in order. First, the parameters
Qs0 and x0 are obtained from minimum-bias data, and therefore Q2

s0 should be considered as an

4

Javier L. Albacete, Cyrille Marquet, (Saclay, SPhT) . Jan 2010. 12pp. 
Published in Phys.Lett.B687:174-179,2010.

2 Inclusive hadron spectra in d+Au collisions at RHIC

According to Ref. [34], the differential cross section for forward hadron production in proton-
nucleus collisions is given by

dNh

dyh d2pt
=

K

(2π)2

∑

q

∫ 1

xF

dz

z2

[

x1fq / p(x1, p
2
t ) ÑF

(

x2,
pt
z

)

Dh / q(z, p
2
t )

+ x1fg / p(x1, p
2
t ) ÑA

(

x2,
pt
z

)

Dh / g(z, p
2
t )
]

, (1)

where pt and yh are the transverse momentum and rapidity of the produced hadron, and fi/p
and Dh/i refer to the parton distribution function of the incoming proton and to the final-state
hadron fragmentation function respectively. Here we will use the CTEQ6 NLO p.d.f’s [35] and
the DSS NLO fragmentation functions [36, 37]. In writing Eq. (1) we have assumed that the
factorization and fragmentation scales are both equal to the transverse momentum of the produced
hadron. For light hadron production discussed here, the difference between the rapidity and
pseudo-rapidity, ηh, of the produced hadron can be neglected, yielding the following kinematics:
xF =

√

m2
h + p2t/

√
sNN exp (ηh) ≈ pt/

√
sNN exp (yh), x1 = xF/z and x2 = x1 exp (−2yh), with√

sNN the collision energy per nucleon. Finally, the unintegrated gluon distributions (udg’s) ÑF (A)

describe the scattering of a hard valence quark (gluon) from the projectile on the saturated small-x
glue of the target, either a nucleus or a proton. In order to avoid contamination from large(small)-
x effects in the target (projectile), we will restrict ourselves to the study of the forward region
yh ! 2 both at RHIC and LHC energies, such that x1 $ x0 and x2 % x0, where x0 is the x-
value where the small-x evolution starts (see below). Similar to previous approaches, we allow the
possibility of a K-factor to absorb the effect of higher order corrections. For instance there is no
αs-order term in Eq. (1), we shall only implement running-coupling corrections in the x2 evolution
of ÑF (A), but in principle they also affect the cross section [38].

The udg’s ÑF (A) are given by the two-dimensional Fourier transform of the imaginary part of
the forward dipole-target scattering amplitude in the fundamental (F) or adjoint (A) representa-
tion, NF (A), respectively:

ÑF (A)(x, k) =

∫

d2r e−ik·r
[

1−NF (A)(r, Y =ln(x0/x))
]

, (2)

where r is the dipole size and Y is the evolution rapidity. In turn, the small-x dynamics of the
dipole amplitudes is given by the rcBK equation:

∂NF (A)(r, Y )

∂Y
=

∫

d2r1 K
run(r, r1, r2) [N (r1, Y ) +N (r2, Y )−N (r, Y )−N (r1, Y )N (r2, Y )] .

(3)
For simplicity, we have omitted the subscripts F (A) in the r.h.s of Eq. (3). Using Balitsky’s
prescription [27], the kernel in Eq. (3) reads

Krun(r, r1, r2) =
Nc αs(r2)

2π2

[

r2

r21 r
2
2

+
1

r21

(

αs(r21)

αs(r22)
− 1

)

+
1

r22

(

αs(r22)

αs(r21)
− 1

)]

, (4)

where r2 = r − r1 (throughout the paper we shall use notation v ≡ |v| for two-dimensional
vectors).

3

where NF and NA are numerical solutions 
of the BK equation with running coupling.
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BDR - gross violation of Bj scaling F2p ~ Q2 ln3(1/x), and suppression 
of the forward hadron spectrum violating QCD factorization 

Frankfurt,Guzey, 
McDermott,MS 91

BDR in central pA collisions: Leading partons in the proton, x1, 
interact with a dense medium of small x2 – gluons in the nucleus 
(shaded area), loosing fraction of its momentum and acquiring a 
large transverse momentum,  > pt BDR

x1 ∼ 0.2

x2 ∼ 10−3 ÷ 10−1

pt 

-pt 

Hamburg 2007, Blois07, Forward physics and QCD* 327-335

L. Frankfurt, (Tel Aviv U.) , M. Strikman, (Penn State U.) . May 2007

Phys.Lett.B645:412-421,2007.
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FIGURE 3. Left panel: upper limit on the suppression of the single inclusive particle production
R(1)
pA(pT1) from coherent power corrections versus rapidity and centrality [8]. Data is from BRAHMS [9].
Right panel: suppression of the double inclusive cross section R(2)

pA(pT1 , pT2) for different rapidity gaps,
pT1 , pT2 ranges and centrality.

Proton-nucleus collisions

The p+A analogue of the DIS coherent power corrections is the final state interactions
of the small xb parton in the |t̂|! |ŝ|, |û| regime. Here t̂ = q2 = (xaPa−Pc/z1)2 and the
xb rescaling in the lowest order pQCD formalism reads [8]:

Fab→cd(xb) ⇒ Fab→cd

(

xb
[

1+Cd
$ 2

−t
(A1/3−1)

])

. (5)

In Eq.(5) Fab→cd(xb) = |Mab→cd|
2"(xb)/xb and Cd is a color factor, Cq(q̄) = 1 and

Cg =CA/CF = 9/4 for quark (antiquark) and gluon, respectively.
The left panel of Fig. 3 shows the upper limit on the centrality and rapidity depen-

dent suppression R(1)
pA of single inclusive hadron production at RHIC. Data is from

BRAHMS [9]. Additional nuclear suppression arises form the energy loss in cold nu-
clei [10]. The right panel shows the suppression of away side dihadron correlations R(2)

pA
versus transverse momentum, rapidity and centrality on the example of the area of the
correlation function C(!") = dNh1,h2/d!" The pronounced pT2 dependence is consis-
tent with STAR preliminary data [11].
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Coherent multiple parton scattering 
with several nucleons in lepton-nucleus 
and hadron-nucleus collisions leads to 
shadowing.

Jian-wei Qiu, Ivan Vitev  Phys.Lett.B632:507-511,2006.
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5

V. HIGH-pT HADRON PRODUCTION AT
FORWARD RAPIDITIES, THE BRAHMS DATA

The BRAHMS collaboration performed measurements
of nuclear effects for production of negative hadrons at
pseudorapidity η = 3.2 and transverse momentum up to
pT ≈ 4 GeV. Instead of the usual Cronin enhancement a
suppression was found, as one can see from Fig. 3.

FIG. 3: Ratio of negative particle production rates in d−Au
and pp collisions as function of pT . Data are from [1], solid
and dashed curves correspond to calculations with the diquark
size 0.3 fm and 0.4 fm respectively.

First, consider the rather strong suppression of the
data at small pT . One can understand this in terms of
the simple relation for the pT -integrated cross sections,

∫
d2pT

dσ

dηd2pT
=

〈
dn

dη

〉
σin . (12)

The mean number of produced particles per unit rapid-
ity 〈dn/dη〉 has an A-dependence which varies with ra-
pidity. Particle production at mean rapidity is related
to the radiation of gluons, whose multiplicity rises as
dnG/dη ∝ A1/3 (for the moment we neglect gluon shad-
owing and assume the Bethe-Heitler regime for gluon ra-
diation). Since the inelastic cross section σpA

in ∝ A2/3, the
integrated inclusive cross section, Eq. (12), rises linearly
with A. This is in accordance with the AGK cancellation
[19] of shadowing for the inclusive cross section known as
the Kancheli-Mueller theorem.

Nuclei modify the pT distribution of radiated gluons,
an effect known as the color glass condensate (CGC)
[16, 17] or Cronin effect [35, 36]. Due to this effect, glu-
ons are suppressed at small pT , enhanced at medium pT ,
and are unchanged at large pT . Gluon shadowing, or the
Landau-Pomeranchuk effect, is a part of the CGC and re-
duces the total number of radiated gluons more strongly
at small than at large pT . Thus, the observed strong sup-

pression of small pT particle production at mid rapidities
is a manifestation of the CGC.

One, however, should be careful with the interpreta-
tion of data in terms of the CGC, which is supposed to
be a result of coherence between different parts of the
nucleus. It turns out that nuclear modifications of the
transverse momentum distribution occur both in the co-
herent and incoherent regimes. While the former can
be an effect of the CGC, the latter has little to do with
this phenomenon. In particular, the RHIC data at mid
rapidities are in the transition region, i.e. particles are
produced coherently on the nucleus at small pT ∼< 1 GeV,
but incoherently at larger pT [36].

The suppression at small-pT observed at η = 3.2 is
even stronger than at mid rapidities. At this rapidity,
the overall scale of the suppression is related to the fact
that particle production is dominated by fragmentation
of the projectile valence quarks. Gluons are additionally
suppressed due to softness of the gluon fragmentation
function leading to a substantially larger value of x1 for
gluons than for pions. Therefore, the origin of the the
suppression is quite different from that at mid rapidity
[37]. Because the number of valence quarks is fixed and
equal to three when integrated over rapidity (Gottfried
sum rule), the number of valence quarks produced with
xF → 1 must be even smaller, and accordingly the ra-
tio of the pT -integrated inclusive cross sections should be
suppressed well below unity. In this case we can use
either our results or the data plotted in Fig. 2, both
of which suggest a suppression factor of approximately
A−0.3 ≈ 0.2, in good agreement with the BRAHMS data.
This suppression is not affected either by the CGC or
gluon shadowing.

Note that the dominance of valence quarks in the pro-
jectile proton leads to an isospin-biased ratio. Namely,
negative hadrons with large pT close to the kinematic
limit are produced mainly from u, rather than d,
quarks. Therefore, more negative hadrons are produced
by deuterons than by protons, and this causes an en-
hancement of the ratio plotted in Fig. 3 by a factor of
3/2 [37]. Further on, we take care of this by using proper
fragmentation functions for negative hadrons.

The cross section of hadron production in dA(pp) colli-
sions is given by a convolution of the distribution function
for the projectile valence quark with the quark scattering
cross section and the fragmentation function,

dσ

d2pT dη
=

∑

q

1∫

zmin

dz fq/d(p)(x1, q
2
T )

×
dσ[qA(p)]

d2qT dη

∣∣∣∣
!qT =!pT /z

Dh−/q(z) (13)

Here

x1 =
qT√

s
eη . (14)

We use the LO GRV parametrization [38] for the quark
distribution in the nucleon. As we explained above, the

B. Z. Kopeliovich, J. Nemchik, I. K. Potashnikova, M. B. Johnson, I. Schmidt, 
Break- down of QCD factorization at large Feynman x, Phys. Rev. C72 
(2005) 054606.
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I. INTRODUCTION

Since the early 1970’s, it is well established [1, 2,
3], that energetic particle production in proton-nucleus
(p+A) collisions increases faster than the number of bi-
nary nucleon-nucleon collisions. This effect, called the
“Cronin effect”, is a manifestation of the fact that parti-
cle production and propagation is influenced by the nu-
cleus. If the A-dependence of the invariant cross section,
I, of particle i in p+A collisions is parameterized as

Ii(pT , A) = Ii(pT , 1) · Aαi(pT ) (1)

then it has been observed that αi is greater than
unity above some transverse momentum value, typi-
cally 1-1.5 GeV/c, denoting significant enhancement of
particle production in p+A collisions. The enhance-
ment depends on the momentum and the type of par-
ticle produced, with protons and antiprotons exhibit-
ing a much larger enhancement than pions and kaons
at pT > 2 − 3 GeV/c. At

√
sNN = 27.4 GeV,

the enhancement peaks at around pT =4.5 GeV/c, with
αK+ # απ+ = 1.109 ± 0.007, while, at the same momen-
tum, the protons can be described by an α-factor of
αp − απ+ = 0.231± 0.013 [2].

Although the observables in Eq. 1 have been clearly
related to the nuclear medium, the cause of the Cronin
enhancement and its species dependence are not yet com-
pletely understood and further experimental study is
warranted in its own right. Furthermore, in the search
for the Quark Gluon Plasma at the Relativistic Heavy
Ion Collider (RHIC), the Cronin effect is extremely im-
portant, as novel effects observed in central Au+Au colli-
sions require good control of the initial state conditions.
At RHIC energies, it was discovered that hadron pro-
duction at high transverse momentum (pT ≥ 2GeV/c)
is suppressed in central Au+Au collisions [4] compared
to nucleon-nucleon collisions. Such suppression may be
interpreted as a consequence of the energy loss suffered
by the hard-scattered partons as they propagate through
the hot and dense medium. However, since the Cronin
effect acts in the opposite direction enhancing the hadron
yields, it has to be taken into account when the parton
energy loss is determined from the data.

Another discovery at RHIC, originally unexpected, is
that the yields of p and p̄ at intermediate pT (1.5 < pT <
5GeV/c ) in central Au+Au collisions [5, 6, 7] are com-
parable to the yield of pions, in striking contrast to the
proton to pion (p/π) ratios of ∼ 0.1 - 0.3 measured in p+p
collisions [8]. Novel mechanisms of particle production
in the environment of dense matter, such as recombina-
tion of boosted quarks [9] or contributions from baryon
junctions [10], which can become dominant in the pres-
ence of pion suppression were proposed to explain the

∗Deceased
†PHENIX Spokesperson:zajc@nevis.columbia.edu

data. Since it has been observed that at lower energies
Cronin enhancement is stronger for protons than for pi-
ons [2], this effect has to be considered at RHIC before
new physics is invoked.

The effects from the initial state are best studied by
performing a control experiment in which no hot and
dense matter is produced. Deuteron + gold collisions
at

√
sNN= 200 GeV serve this purpose. Since there is

no hot and dense final state medium, the initial state
conditions become accessible to the experiment. In addi-
tion to Cronin enhancement, known initial state effects
also include nuclear shadowing and gluon saturation [11].
The Cronin enhancement is usually attributed to mo-
mentum broadening due to multiple initial state soft [12]
or semi-hard [13, 14, 15, 16] scattering. Such models
typically do not predict the particle species dependence
observed in the data. Recently, Hwa and collaborators
provided an alternative explanation due to final state in-
teractions. The particle species dependent enhancement
is attributed to recombination of shower quarks with
those from the medium, where no distinction is made
if hot or cold nuclear matter is produced [17]. Identified
hadron production measured as a function of centrality
brings important experimental data relevant to the long
outstanding problem of the baryon Cronin effect. The
dependence of the enhancement upon the thickness of
the medium, or the number of collisions suffered by each
participating nucleon, can help differentiate among the
different scattering models, and the species dependence
helps to separate initial from final state effects in d+Au.

The paper is arranged as follows. Section II describes
the experiment, data analysis, and systematic uncertain-
ties. Section III presents hadron spectra, yields and the
resulting nuclear modification factors. Discussion of the
centrality, energy and species dependence of the nuclear
modification factors and implications for understanding
of the Cronin effect are in section IV. Section V presents
conclusions.

II. EXPERIMENT AND DATA ANALYSIS

A. Data Sets and Trigger

Data presented here include collisions at
√

sNN =
200 GeV of Au+Au taken in the 2002 run of RHIC and
d+Au and p+p collected in 2003. In the following we
discuss analysis of the p+p and d+Au data; details of
the Au+Au analysis, and the Au+Au results, are found
in [7]. Events with vertex position along the beam axis
within |z| <30 cm were triggered by the Beam-Beam
Counters (BBC) located at |η| = 3.0-3.9 [18]. The min-
imum bias trigger accepts 88.5 ± 4% of all d+Au colli-
sions that satisfy the vertex condition, and 51.6 ± 9.8%
of p+p collisions. A total of 42 × 106 minimum bias
d+Au events and 25 × 106 minimum bias p+p events
were analyzed.

In p+p collisions, PHENIX determines the differential

Energy conservation implies large rapidity gaps when 
particles are  detected at xF →1 which imply 
suppression.
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Fig. 4. RCP for the BK parametrization (thick lines) and the BFKL+ saturation form (thin lines) at different rapidities
η = 1, 2.2 and 3.2. Full lines correspond to central over peripheral collisions (full experimental dots). Dashed lines
correspond to semi-central over peripheral collisions (empty experimental dots). Data from [2].

At very large y one can neglect the term which breaks scaling, namely β ! 1. So that the last
expression reduces to the simple form exhibiting an exact scaling behavior

ϕA(L,y) ∝
(

L + L0 − 2
γs

)
exp[−γsL]. (35)

We have fixed L0 such that ϕA has a maximum when k2 = Q2
s (b, y) [31,35] corresponding to

L0 = 3/γs . This is the only free parameter of our calculation, it exhibits the uncertainty in the
value of Qs . It turns out that RCP is very sensitive to variations of L0 at energies of RHIC.
For the numerical study we choose three different expressions for ϕA, selecting various specific
terms in (31):

(i) The BFKL saturation-inspired form [32], which violates scaling, derived from

Ñ(L,y)BFKL ∝ exp
[
−γsL − βL2

]
. (36)

(ii) The BK exact-scaling form (35).
(iii) Finally the full expression derived from (31).

In Fig. 4 we show the comparison between the BFKL + saturation form (36) and the BK
parametrization (31). We expect this comparison to be valid at large enough k⊥. The agreement
with data is quite good for the latter. With decreasing rapidity we would expect our formula to
break down, nevertheless the global features of the data are reproduced even at η = 1. The exact
scaling form, shown in Fig. 5, is a slowly varying function of η and is too low to describe the data.
However, if the picture is right, for increased rapidity (η $ 5 or 6), data points should match that
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FIG. 2: Nuclear modification factor RdAu of charged particles for different rapidities. In the top two figures, corresponding to
η = 0, 1, the solid line corresponds to (h−+h+)/2 contribution calculated with κ = 0 in the isospin-independent approximation,
while the dashed line gives the same (h− + h+)/2 contribution but with κ = 1 GeV. In the lower two plots, corresponding to
η = 2.2, 3.2, the solid line gives the h− contribution calculated in the constituent quark model with κ = 0, the dashed line gives
the same h− contribution for κ = 1 GeV, while the dotted line at η = 2.2, 3.2 gives the (h+ + h−)/2 contribution with κ = 0.
Data is from [2].
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where µ is a scale associated with deuteron and is fixed at µ = 1 GeV thereof. The gluon dipole scattering amplitude
on a gold nucleus NG(zT , y) should be determined from the nonlinear evolution equation [15]. Since an exact solution
of the nonlinear evolution equation [15] is a very difficult task we are going to construct a model for NG(zT , y)
satisfying its asymptotic behavior: at zT ! 1/Qs(y) one should have NG(zT , y) ∼ z2

T , while at zT # 1/Qs(y) we
should get NG(zT , y) ∼ 1 [15, 26, 27]. (Qs(y) is the nuclear saturation scale at rapidity y.) This behavior can be
modeled by a simple Glauber-like formula

NG(zT , y) = 1 − exp

[

−
1

4
(z2

T Q2
s)

γ(y,z2

T )

]

, (4)

where γ(y, z2
T ) will be given by (7). Note, that when γ = 1 equations (3) and (4) reproduce the results of McLerran–

Venugopalan model [13, 14, 23] (for similar results see [28]).
At forward rapidities, in the deuteron fragmentation region, the Bjorken x of the nucleus acquires its lowest possible

value for a given
√

s, while the Bjorken x of the proton is close to unity. In that region rescatterings of valence quarks
of the proton in a nucleus can give a substantial contribution to the hadron production cross section. This problem
was discussed in a series of papers listed in [29, 30] leading to the following expression for inclusive valence quark
production cross section [30]

dσdA
Q

d2k
=

SA

2π

∫ ∞

0
dzT zT J0(kT zT ) [2 − NQ(zT , y)], (5)

where NQ(zT , y) is the quark dipole–nucleus forward scattering amplitude. In the quasi-classical approximation (γ
=1) NQ(zT , y) is given by the same quasi-classical formula (4) with Q2

s(y) replaced by CF

Nc
Q2

s(y) = 4
9Q2

s(y). Therefore,
by analogy with (4), we model the quark dipole scattering amplitude NQ(zT , y) as

NQ(zT , y) = 1 − exp

[

−
1

4

(

z2
T

CF

Nc
Q2

s

)γ(y,z2

T )
]

. (6)

To model the anomalous dimension γ(y, z2
T ) we use the following interpolating formula

γ(y, z2
T ) =

1

2

(

1 +
ξ(y, z2

T )

ξ(y, z2
T ) +

√

2 ξ(y, z2
T ) + 7ζ(3) c

)

, (7)

where

ξ(y, z2
T ) =

ln
[

1/(z2
T Q2

s0)
]

(λ/2)(y − y0)
, (8)

and c is a constant to be fitted. This form of the anomalous dimension is inspired by the analytical solutions to the
BFKL equation [31]. Namely, in the limit zT → 0 with y fixed we recover the anomalous dimension in the double
logarithmic approximation γ ≈ 1−

√

1/(2 ξ). In another limit of large y with zT fixed, Eq. (7) reduces to the expression

of the anomalous dimension near the saddle point in the leading logarithmic approximation γ ≈ 1
2 + ξ

14 c ζ(3) . Therefore

Eq. (7) mimics the onset of the geometric scaling region [27, 33]. A characteristic value of zT is zT ≈ 1/(2 kT ), so we
will put γ(y, z2

T ) ≈ γ(y, 1/(4 k2
T )).

The saturation scale Qs(y) that we use is the same as the one used in [34] to fit the low-x DIS data and in [35] to
describe the hadron multiplicities at RHIC. It is given by

Q2
s(y) = Λ2 A1/3 eλy = 0.13 GeV2 eλ y Ncoll . (9)

Here Ncoll is the number of binary collisions at a given centrality in a dAu collision. Parameters Λ = 0.6 GeV and
λ = 0.3 are fixed by DIS data [34]. The initial saturation scale used in (8) is defined by Q2

s0 = Q2
s(y0) with y0 the

lowest value of rapidity at which the low-x quantum evolution effects are essential.
The Cronin effect [36] is usually attributed to multiple rescatterings of partons in the nucleus [7, 9, 28, 37]. However,

it is also present in the low energy data, i.e. at energies where saturation is unlikely to play a significant role for the
production of high pT particles. For example, at

√
s = 20 GeV the nuclear enhancement for π± produced in proton-

nucleus collisions peaks at kT ( 4 GeV [36]. This implies that the typical nonperturbative scale κ associated with such
low energy hadronic rescatterings may be rather large. It becomes much smaller than Qs(y) at high energies/rapidities
as one can see from (9). However, at the central rapidity region at RHIC the influence of this non-perturbative scale

Rapidity dependence introduced in the quark 
dipole–nucleus forward scattering amplitude. 
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ment [4–9] and the effect of small x [6,10–14]. In this work, we examine in a systematic way,
how and if saturation and quantum evolution provide a reasonable quantitative agreement with
data [2].
The time is indeed appropriate to assess the predictability of the saturation (CGC) picture. This

endeavor has a mitigated conclusion: as it turns, unavoidably, the saturation scale introduced in
the theory, does not have the proper size to explain RHIC data at mid-rapidity. This conclusion is
similar to the one stated in [5]. On the other hand, quantum evolution as described by the theory
gives the proper suppression of the nuclear modification factor above the saturation scale.
In Section 2.1, we calculate the hadron production cross-section in dA at mid-rapidity using

the semi-classical approach and show the prediction for the minimum-bias nuclear modification
factor RdA (and RCP for central versus peripheral dA collisions) in relation with other previous
studies and comparing with data.
We then discuss, in Section 2.2, quantum evolution. We first derive the expression for the

cross-section at leading log accuracy, including both gluon and quark distributions within the
deuteron. This expression is identical to Eq. (22) in [15]. We then present various parameteri-
zations of the unintegrated gluon distribution in the nucleus, inspired by large rapidity solutions
of the BK equation [16] and show the comparison with representative data [2]. In Section 3, the
conclusion and outlook are given.

2. Hadron production in dA

The nuclear modification factor RdA and the RCP (Central/Peripheral collisions) ratio are
defined as

RdA = 1
Ncoll

dNdA→hX

dη d2k
dNpp→hX

dη d2k

, (1)

RCP =
NP
coll

dNdA→hX

dη d2k |C
NC
coll

dNdA→hX

dη d2k |P
. (2)

k and η are respectively the transverse momentum and the pseudo-rapidity of the observed
hadron. Ncoll is the number of collisions in dA, it is roughly twice the number of colli-
sions in pA (proton–gold). The centrality dependence of RdA is related to the dependence of
NdA→hX = dσ dA→hX/d2b and Ncoll(b) on the impact parameter of the collision. In this paper,
we address the predictions of the color glass condensate for these ratios. We always assume that
cross-sections depend on the impact parameter only through the number of participants which is
proportional to the saturation scale

Q2
sA(b) " Q2

sA(0)Npart.Au(b)/Npart.Au(0), (3)
where Npart.Au is the number of participants in the gold nucleus in d–Au collisions. This is co-
herent with the assumption thatQ2

sA(b) " (Npart.Au(b)/2)Q2
sp such thatQ2

sA(b= 0) " A1/3Q2
sp

[17]. We use Table 2 in [2] which gives the number of participants Npart and the number of
collisions Ncoll for several centralities.

2.1. Semi-classical approach

We first deal with gluon production at mid-rapidity for which different approaches have been
proposed. The inclusive cross-section has been calculated in [18] in a quasi-classical approach
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Summary
d+Au collisions at RHIC have been studied 
thoroughly specially near y=0. 
Cronin enhancement seen at mid-rapidity.
Enhancement depends on centrality of collisions.
Protons show stronger enhancement.
All mesons behave similarly as pions.
NMFs of pions and kaons show similar 
suppression at high rapidity.
NMF of protons and anti-protons shows 
suppressions as function of rapidity but also a 
competing Cronin type enhancement.
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"Production of Mesons and Baryons at High Rapidity and High Pt in Proton-Proton Collisions at Sqrt{s} = 200 GeV"
Phys. Rev. Lett. 98, 252001 (2007)
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Figure 2: Parton cascade in the Bjorken frame.

(with definite size rt = 1/Q ! R) in time ( so called the BFKL evolution). R is the size of the
hadron. The first stage of the evolution for partons with xi ≈ 1 is not under theoretical control
and only non-perturbative QCD will be able to give us information on probability (P i

h(xi, pi,t =
Q ! 1/R ) to find several partons with pi,t = Q and xi ≈ 1 in the hadron. The BFKL evolution
takes into account the emission of partons with pt = Q # 1/R. Fig. 2 shows that it is natural to
expect that this emission leads to a considerable increase of the number of partons. The number
of partons that can interact with the target ( virtual photon) can be written in the form of the
convolution F BFKL( x

xi
, Q2)

⊗
P I

h (xi, Q). We can obtain the result of the DIS experiment by
taking the convolution (overlapping integral ) with the photon wave function. In other words,
the deep inelastic structure function is equal to

F2(x, Q2) = Pγ∗(
xBj

x
, Q)

⊗
F BFKL(

x

xi
, Q2)

⊗
P I

h (xi, Q) , (1)

where Pγ∗(xBj

x , Q) = |Ψγ∗(xBj

x , Q)|2 and Ψγ∗ is the wave function of the virtual photon.

Recalling that σ(γ∗, h) = 4π2

Q2 F2(xBj, Q2) one can see that the unitarity constraint σ(γ∗, h) ≤ πR2

leads to a conclusion that the increase of the parton densities due to the BFKL ( or DGLAP)
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in numerical studies of the BK equation (21, 22) and in analytic studies of the

BFKL equation in the presence of a saturation boundary (23, 24). It provides a

natural explanation of the geometric scaling phenomenon observed in the HERA

data (25, 26) (see section 3.1). In QCD, a front moving with constant speed λs

is equivalent to the saturation momentum increasing exponentially with Y ,

Q2
s(Y ) ! Q2

0 e
λsY with λs ≈ 4.9αs , (7)

where Q0 is some non-perturbative initial scale. For a large nucleus, Q2
0 scales

like A1/3 as does Q2
s(Y ) for any Y . This form of the saturation momentum is

modified to Q2
s = Q2

0 e
√

λ(Y+Y0) when the running of the strong coupling is taken

into account; see (24) for a detailed study of higher order effects on the energy

dependence of Qs.

2.3 The Color Glass Condensate

The CGC is an effective field theory (EFT) based on the separation of the degrees

of freedom into fast frozen color sources and slow dynamical color fields (11). A

renormalization group equation –the JIMWLK equation (14, 15)– ensures the

independence of physical quantities with respect to the cutoff that separates the

two kinds of degrees of freedom.

The fast gluons with longitudinal momentum k+ > Λ+ are frozen by Lorentz

time dilation in configurations specified by a color current Jµ
a ≡ δµ+ρa, where

ρa(x−, x⊥) is the corresponding color charge density. On the other hand, slow

gluons with k+ < Λ+ are described by the usual gauge fields Aµ of QCD. Because

of the hierarchy in k+ between these two types of degrees of freedom, they are

coupled eikonaly by a term JµAµ. The fast gluons thus act as sources for the fields

that represent the slow gluons. Although it is frozen for the duration of a given

collision, the color source density ρa varies randomly event by event. The CGC

provides a gauge invariant distribution WΛ+ [ρ], which gives the probability of a

configuration ρ. This functional encodes all the correlations of the color charge

density at the cutoff scale Λ+ separating the fast and slow degrees of freedom.

Given this statistical distribution, the expectation value of an operator at the

scale Λ+ is given by

〈O〉Λ+ ≡
∫

[

Dρ
]

WΛ+

[

ρ
]

O
[

ρ
]

, (8)

where O[ρ] is the expectation value of the operator for a particular configuration

ρ of the color sources.

to the Golec-Biernat-Wüsthoff saturation model [41] or the classical MV model [28]. The
dipole in the fundamental representation, NF , differs by a factor of Q2

s → Q2
s CF/CA =

4
9Q

2
s [17].
The saturation scale Qs at b = 0 is given for a nucleus of mass number A (Au(197))

as [22]

Q2
s(yA, b = 0) = A1/3Q2

0

(

x0

xA

)λ

= A1/3Q2
0x

λ
0e

λyA, (6)

where Q0 " 1 GeV, λ " 0.3 and x0 " 3.0 × 10−4 are fixed by the DIS data [41].
The energy dependence of Qs is controlled through the constant growth rate λ =
∂ log(Q2

s/Λ2
QCD)/∂ log(1/xA), which is obtained from fixed-coupling LO BFKL evolu-

tion [42]. Since the squared saturation scale has dependence on the impact parameter,

for instance, through the nuclear profile T (b) = T (b = 0)
√

1 − (b/RA)2 in the hard sphere
approximation of the nuclear target and the pointlike proton projectile, we define the
saturation scale as [44]

Q2
s(yA, b) = Q2

s(yA, b = 0)
√

1 − (b/RA)2. (7)

This naive approximation for the nuclear surface is sufficient for minimum bias observables.
The anomalous dimension γ is parameterized as [26]

γ(rt, yA, b) = γs + (1 − γs)
| log(1/r2

t Q
2
s(yA, b))|

λyA + | log(1/r2
t Q2

s(yA, b))| + d
√

yA
, (8)

where γs " 0.627 is the anomalous dimension for BFKL evolution [24] with saturation
boundary condition, i.e. for evolution along the saturation line [42], and d is a free parame-
ter which is fitted to experimental data. Throughout this paper, we will make replacement
γ(rt, yA, b) → γ(1/qt, yA, b). As indicated in [26], this parameterization of γ stays within
γ = 0.6 ∼ 0.8 at large rapidity yh over a comparatively wide range of pt = 1 ∼ 5 GeV 3.

Below we focus on the minimum-bias cross section obtained by impact-parameter aver-
aging of Eq. (3). Since in the integrand of (3) the impact-parameter dependence is carried
only by the saturation scale, we take the average value of Q2

s(b) with respect to b instead
of integrating (3) over b:

〈Q2
s(b)〉 ≡

π

SA

∫ R2
A

0
db2Q2

s(yA, b) =
2

3
Q2

s(yA, b = 0). (9)

We have used Eq. (7) where this approximation is valid to good accuracy [44] 4.
3As emphasized in [26], this remains inside the (at least, extended) geometric scaling regime. When

going beyond the scaling regime like higher-pt or lower rapidities, Eq. (8) assumes that crossover from the
scaling regime to the perturbative one is very slow and smooth. A similar behavior of γ was discussed in
Ref. [43]

4Refs. [22, 26] employ an effective saturation scale for minimum bias collisions such as 〈Q2
s(b)〉 =

A1/3

effQ2
0(x0/xA)λ with Aeff = 18.5, where the factor A1/3

eff is by ∼ 30% smaller than the corresponding

factor (2/3)A1/3 in (9).

7
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5

FIG. 3: (Color online) Charged hadron pseudorapidity distribution per event in the TPC and FTPC acceptance for 0-20%,
20-40%, 40-100% central and minimum bias d+Au events (triangles). The error bars include both statistical and systematic
error. Also overlayed are measurements from BRAHMS (crosses) [22] and PHOBOS (circles) [23, 24]. In addition predictions
from HIJING [19], AMPT [25] and the saturation model [12] are also plotted compared with STAR measurements.

which indicates that the Cronin effect is more pronounced
on the Au-side of a d+Au collision. Strong centrality de-
pendence of RCP on the d-side of the collisions is another
interesting feature seen in Fig. 2. This observation was
also reported by the BRAHMS collaboration [11]. How-
ever, no significant centrality dependence is observed on
the Au-side of a d+Au collision. The RCP measurements
from the FTPCs are in good overall agreement with mea-
surements from BRAHMS on the d-side [11] for pt > 1
GeV/c and in agreement with PHENIX on the Au-side
[14] of a d+Au collision (see Fig. 2). The discrepancy
between the BRAHMS and STAR RCP measurements
on the d-side at η ≈ 3 for pt < 1 GeV/c can not be
completely resolved at this time. The discrepancy can be
partially attributed to the different centrality classes used
by the two experiments to calculate the RCP . BRAHMS
uses 60-80% as the most peripheral bin whereas STAR
uses the 40-100% centrality class. Also, the BRAHMS
centrality selection is biased towards peripheral collisions
in forward rapidities as discussed in section III C. Fur-
thermore, different low-pt cut-offs may affect the low pt

measurements, where the difference between BRAHMS
and STAR is most prominent.

The suppression of RCP (and RdAu [32]) at higher ra-
pidities on the d-side is in qualitative agreement with pre-
dictions of the saturation model [12]. Models based on
pQCD which incorporate initial-state parton scattering
and energy loss can also describe the behaviour of RCP

at higher rapidities [8, 9]. Furthermore, in the frame-
work of parton recombination in the final state, RCP at
forward rapidities can be described as well [13].

C. Charged particle density asymmetry

In Fig. 3a the pseudorapidity distribution dNch/dη of
charged hadrons per event in the TPC and FTPC accep-
tance is shown for minimum bias and for the 0-20%, 20-

40%, and 40-100% most central events. For comparison,
measurements of the pseudorapidity distribution from
BRAHMS [22] and PHOBOS [23, 24] are also plotted.
The measured dNch/dη distributions for minimum bias
d+Au events are in good agreement for all three experi-
ments. However, with increasing centrality, a significant
difference in the particle density at negative pseudora-
pidity values η < −3 between STAR and PHOBOS is
visible. On the other hand, the measurements in the
mid-pseudorapidity region are in good agreement. When
comparing central events, for the η < −3 region the
BRAHMS dNch/dη distribution is lower than the STAR
measurements; at mid-rapidity it is higher. A possible
explanation could be the different methods used for cen-
trality selection. Centrality selection for the STAR-TPC
was done via the Nch multiplicity in the FTPC and vice
versa, to avoid autocorrelations caused by fluctuations in
the measured multiplicity. Simulation studies show that
with a pseudorapidity gap of 2 units between the detec-
tors this method is insensitive to autocorrelations [20].
Use of the FTPC Nch multiplicity on the Au-side instead
leads to a visibly higher particle density in the dNch/dη
distribution for η < −3, causing a significant bias in the
centrality definition [20]. This observation explains the
higher particle density measured by PHOBOS for the
Au-side of a d+Au collision, because their centrality was
determined via the multiplicity in the pseudorapidity re-
gion of −4 < η < −3.5. For BRAHMS the enhancement
in the particle density at midrapidity could be due to
the fact that the multiplicity in the central region |η| <
2.2 was used to define centrality. However, within the
systematic errors the results of all three experiments are
consistent with each other.

In addition, the measured pseudorapidity distributions
were compared with model predictions. Calculations
based on gluon saturation in the Color Glass Condensate
[12] as well as results of HIJING [19] and a Multi-Phase
Transport Model (AMPT) [26] are shown in Fig. 3b. All
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Calculations

data/theory ratios. Looking first at the η = 2.2 panels, the flatness of the data/theory
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Figure 13: Inclusive yield of negatively charged hadrons h− in pp and dAu collisions. The
experimental data shown by open squares is from [37] with statistical and systematical errors
added in quadrature, and the horizontal bars indicate the pT bin. The blue band indicates
the 90% confidence range derived from free proton and nPDF uncertainties. The calculated
cross-sections have been averaged over the pT -bin width.

ratio shows that the shapes of the measured distributions for both p+p and d+Au cases
are well reproduced by the pQCD calculation. As these ratios are also very close to
one, we conclude that the normalization factors σinelastic

NN and 〈Ncoll〉 are well estimated
and that fixing the factorization scale to hadronic pT is also a valid choice.

In the η = 3.2 panels, one first observes that in the case of p+p collision the
agreement between the theory and the data is clearly worse and the experimental and
PDF errors are only barely overlapping. Such mismatch is not, however, observed in
the d+Au cross-sections. Thus, we conclude that if the nuclear modification

RdAu ≡
1

〈Ncoll〉
d2NdAu/dpTdy

d2Npp/dpTdy
min.bias

=
1

2Ad2σdAu/dpT dy

d2σpp/dpTdy
. (15)

is formed from these data, the result with η = 3.2 will inevitably lie below the pQCD
prediction. This is demonstrated in Fig. 14 where we show the comparison of the
BRAHMS RdAu data with the pQCD prediction from our global analysis. We stress
that this happens not because we would incorrectly reproduce the d+Au cross-section
but because the NLO pQCD calculation seems to undershoot the p+p data. This
is the reason why we do not include these data to the current global nPDF analysis.
However, as Fig. 13 shows, there is no reason why one should abandon the factorization
for h− in d+Au collisions. Presumably, more statistics would be needed to resolve the
discrepancy at η = 3.2.
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Fig. 6. Midrapidity invariant yields for (π+ + π−)/2 and (p+p̄)/2 at high pT for
minimum bias p+p and d+Au collisions compared to results from NLO pQCD
calculations using KKP [29] (PDF: CTEQ6.0) and AKK [30] (PDF: CTEQ6M) sets
of fragmentation functions and results from the EPOS model [28]. The PDFs for
d and Au-nucleus are taken from Refs. [31] and [32] respectively. All results from
NLO pQCD calculations are with factorization scale is µ = pT.

Collaboration [33]. For d+Au collisions NLO pQCD calculations with KKP
FFs are consistent with the data for pT > 4 GeV/c while those with AKK
FFs underpredict the measured charged pion yields.

The proton+anti-proton yield at high pT in p+p and d+Au collisions is much
higher than the results from NLO pQCD calculations using the KKP set
of FFs and lower compared to calculations using AKK FFs. The relatively
better agreement of NLO pQCD calculations with AKK FFs compared to
those with KKP FFs for proton+anti-proton yields shows the importance of
the flavor-specific measurements in e++e− collisions in determining the FFs
for baryons. One may further improve the NLO pQCD calculations by an
all-order resummation of large logarithmic corrections to the partonic cross-
sections [34].

6 Scaling of particle production

The invariant cross-sections of inclusive pion production in high energy p+p
collisions have been found to follow the scaling laws [36] :

E
d3σ

dp3
=

1

pn
T

f (xT ) or E
d3σ

dp3
=

1√
sn g (xT ) (2)
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FIG. 2: Nuclear modification factor RdA for π0 in the PbGl
and PbSc calorimeters in minimum bias d+Au. The bands
around the data points show systematic errors which can vary
with pT , while the shaded band around unity indicates the
normalization uncertainty. The nuclear modification factor
RAA in 10% most central Au+Au collisions is also shown.

The data clearly indicate that there is no suppression
of high pT particles in d+Au collisions. We do, how-
ever, observe an enhancement in inclusive charged parti-
cle production at pT > 2 GeV/c. A similar enhancement
was observed in p+A fixed-target experiments [24] and
is generally referred to as the “Cronin effect”. To facili-
tate comparison of the Cronin effect in inclusive charged
particles and π0, the lower part of Fig. 3 shows all sys-
tematic uncertainties common to both analyses in the
bar on the left. It should be noted that this uncertainty
must be added in quadrature with the bands shown for
each curve to obtain the 1σ allowed range of RdA from
the data. The π0 data suggest a smaller enhancement
for pions than for inclusive charged particles at pT = 2-
4 GeV/c. We note that the charged spectrum includes
baryons and antibaryons, which may have a different nu-
clear enhancement than the mesons [24].

The various models of the suppression observed in
Au+Au predict a different dependence on Ncoll in
d+Au [14, 25, 26]. Therefore, a second data sample
was selected by requiring observation of a neutron in the
Zero-Degree Calorimeter on the deuteron-going side of
PHENIX. This, together with the requirement of parti-
cles entering both Beam-Beam Counters, selects a class
of events in which only the proton from the deuteron in-
teracts with the Au nucleus. The mean number of binary
collisions for this sample is calculated with the Glauber
model to be 3.6 ± 0.3. Particle yields in this sample
have a < 5% uncertainty beyond that of the minimum
bias sample, arising from trigger bias.

Fig. 4 shows the ratios of RdA in minimum bias d+Au
to RpA in the neutron tagged sample, for both (h+ +
h−)/2 and π0. Systematic uncertainties on the spectra
cancel in the ratio; the band around unity shows the
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FIG. 3: Top: Nuclear modification factor RdA for (h++h−)/2
in minimum bias d+Au compared to RAA in the 10% most
central Au+Au collisions. Inner bands show systematic errors
which can vary with pT , and outer bands include also the
normalization uncertainty. Bottom: Comparison of RdA for
(h++h−)/2 and the average of the π0 measurements in d+Au.
The bar at the left indicates the systematic uncertainty in
common for the charged and π0 measurements.

uncertainty on the ratio of the number of binary collisions
in the two samples. Average values of Ncoll are 3.6 per
participating proton in the neutron tagged sample and
8.5 for 1.7 participating nucleons from the deuteron in
minimum bias d+Au. Given the systematic uncertainties
on Ncoll, we cannot exclude a small centrality dependence
for pT > 1 GeV/c. It should be noted that the figure also
indicates that d+Au collisions provide a good measure of
the physics of p+Au.

The observation of an enhancement of high-pT hadron
production in both the minimum bias d+Au and the neu-
tron tagged sample of p+Au collisions indicates that the
suppression in central Au+Au collisions is not an initial
state effect. Nor does it arise from modification of par-
ton structure functions in nuclei. The data suggest, in-
stead, that the suppression of high pT hadrons in Au+Au
is more likely a final state effect of the produced dense
medium.
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